Controlling the morphology of parts produced by stereolithography injection moulds by Russell A. Harris (7150541)
Pilkington Library 
I • Loughborough 
• University 
Author/Filing Title ...... HN?~.1.~ ........................ . 
Vol. No............. Class Mark ..... :T ................ .. 
Please note that fines are charged on ALL 
overdue items. 
0402696387 
11111111111111111111111111111111111111111 
I I 
I I 
Controlling the Morphology of Parts 
Produced by Stereolithography 
Injection Moulds 
By 
Russell A. Harris 
Doctoral thesis submitted in partial fulfilment of the requirements 
for the award of Doctor of Philosophy of Loughborough University 
September 17, 2002 ·· .·· , 
© by Russell A. Harris 2002 ·· · · ' 
U L~W·bproogh Umv~~1r-1 
P''•· . .' ·: '. ihrcry 
····· ·. ··-·· .. 6.··· ... ~ 
Dele ~o'} 
.... ~.~ ....... 
Class 
,Ace 
'No. <N 0 2k'J (;:lg' 
. :. 
., 
Abstract ............................................................................................................................... 4 
Acknowledgements ............................................................................................................. 5 
Glossacy ............................................................................................................................... 6 
Nomenclature .................................................................................................................... 10 
List of Figures ................................................................................................................... 11 
List ofTables ..................................................................................................................... 14 
Chapter 1 ........................................................................................................................... 15 
1.1 Rapid Prototyping ................................................................................................... 15 
1. 2 Stereolithography .. .................................................................................................. 16 
1.2.1 Preparation ...................................................................................................... 17 
1.2.2 Stereolithography build process ....................................................................... 19 
1.2.3 Post processing ................................................................................................ 21 
1.3 Hypothesis ............................................................................................................... 22 
Chapter 2 ........................................................................................................................... 24 
2.1 Indirect Plastic Tooling for Injection Moulding ....................................................... 24 
2.2 Direct Plastic Tooling for Injection Moulding ......................................................... 28 
2.3 The Injection Moulding Process .............................................................................. 30 
2.3.1 Polymer processing & Injection ....................................................................... 30 
2.3.2 Mould & Clamping .......................................................................................... 31 
Chapter 3 ........................................................................................................................... 34 
3.1 Introduction ............................................................................................................. 34 
3.2 The Requirement of the Process ............................................................................... 34 
3.3 Pioneering Work ..................................................................................................... 35 
3. 4 Mould Construction ................................................................................................. 3 6 
3.4.1 Design Considerations ..................................................................................... 36 
3.4.2 Insert Generation ............................................................................................. 37 
3.4.3 High Temperature Stereolithography Resins .................................................... 40 
3.5 injection Moulding Parameters ............................................................................... 41 
3.5.1 Injection Moulding Materials ........................................................................... 41 
3. 6 Moulded Part Properties ......................................................................................... 42 
Chapter 4 ........................................................................................................................... 45 
4.1 Aims and Justification ............................................................................................. 45 
4.2 The Shrinkage incurred by Thermoplastics with respect to Injection Moulding ........ 45 
4.2.1 Shrinkage Theory ............................................................................................ 46 
4.2.2 Shrinkage in Practice ....................................................................................... 46 
4.3 Initial Work. ............................................................................................................ 48 
4.4 The Post Moulding Shrinkage in Polypropylene (PP) and Acrylonitrile-
Butadiene-Styrene (ABS) - A Comparison of Stereolithography & Aluminium 
Tooling ........................................................................................................................... 48 
4.4.1 Methodology ..................... : .............. : .............................................................. 48 
4.4.2 Results ............................................................................................................. 50 
4.4.3 Discussion of initial work:.: ............................................................................. 51 
4.5 Review ................................................................ c .................................................... 52 
Chapter 5 ........................................................................................................................... 53 
5.1 Aims ........................................................................................................................ 53 
5.2 Experimental Design ............................................................................................... 53 
5.3 Experimental Methodology ...................................................................................... 55 
5.4 Mould Design .......................................................................................................... 56 
5.5 Tool Temperature Recording ................................................................................... 60 
5.5.1 Probe position .................................................................................................. 60 
5.5.2 Calibration ....................................................................................................... 63 
5.5.3 Data acquisition ............................................................................................... 65 
5.5.4 Tool temperature results .................................................................................. 70 
5.6 Injection Moulding .................................................................................................. 75 
5.6.1 Material preparation ......................................................................................... 76 
5.6.2 Moulding apparatus ......................................................................................... 77 
5.6.3 Moulding process ............................................................................................ 78 
5. 7 Measurement of Moulds & Parts ............................................................................. 8I 
5. 7.1 Measurement apparatus ................................................................................... 82 
5.7.2 Measurement conditions .................................................................................. 82 
5.7.3 Measurement procedure ................................................................................... 82 
5.7.4 Measurement results ........................................................................................ 83 
5. 8 Compensation for Thermal Expansion -By Calculation .......................................... 87 
5.8.1 Results ............................................................................................................. 91 
5. 9 Compensation for Thermal Expansion -by Finite Element Analysis ........................ 9 2 
5.9.1 FEA modelling. Stage 1-Creation of model ................................................... 93 
5.9 .2 FEA modelling. Stage 2 -Allocation of material properties ............................. 96 
5.9.3 FEA modelling. Stage 3- Transient thermal analysis ...................................... 97 
5.9.4 FEA modelling. Stage 4- Linear elastic analysis ............................................. 99 
5.9.5 FEA modelling. Stage 5- Results ................................................................... IOO 
5. I 0 Shrinkage Results ................................................................................................... I 04 
5. I I Review .................................................................................................................... I 04 
Chapter 6 .......................................................................................................................... 106 
6. I Crystallinity and Shrinkage .................................................................................... I 06 
6. 2 Differential Scanning Calorimetry (DSC) ............................................................... I 07 
6.3 Determining% Crystallinity ................................................................................... I09 
6.4 DSC Methodology used in this Work ...................................................................... I I 2 
6.4.1 Sample preparation ......................................................................................... 112 
6.4.2 DSC cycle ...................................................................................................... 113 
6. 5 DSC Results ........................................................................................................... I I 4 
6. 6 Review .................................................................................................................... I 23 
Chapter 7 ............................................................................................................•............. 124 
7. I Morphological Differences ..................................................................................... I 24 
7.2 Experimental Variables .......................................................................................... I24 
7. 3 Comparison to Thermal History ............................................................................. I 25 
7.4 Review .................................................................................................................... I27 
Chapter 8 ........................................................................................................................... 129 
8.I ToolBasedMethods ............................................................................................... I30 
8.2 DesignApproach .................................................................................................... I30 
8.2.1 Theory ............................................................................................................ 130 
8.3 MouldApproach .................................................................................................... I3I 
8.3.1 Workof0thers ............................................................................................... 131 
8.4 Process Based Methods .......................................................................................... I35 
8. 5 Material Approach ................................................................................................. I 3 6 
8.5.1 Methodology .................................................................................................. 137 
8.5.2 Results ............................................................................................................ 137 
8. 6 Injection Based Approach ...................................................................................... I 42 
8.6.1 Methodology .................................................................................................. 144 
8.6.2 Results ............................................................................................................ 145 
2 
8. 7 Review .................................................................................................................... I 50 
Chapter 9 .......................................................................................................................... 151 
9.1 
9.2 
9.3 
9.4 
Identify Shrinkage Anomalies (Chapter 4) .................................................... .......... 151 
Determine and Quantify Absolute Shrinkage (Chapter 5) ....................................... 152 
Morphology Investigation (Chapter 6) .................................................................... 152 
Understanding the Cause of Morphological Differences (Chapter 7) ...................... 153 
9.5 Control of Part Morphology (Chapter 8) ................................................................ 153 
9.5.1 Design approach- (Chapter 8.2) ..................................................................... 153 
9.5.2 Mould approach- (Chapter 8.3) ..................................................................... 154 
9.5.3 Material approach -(Chapter 8.5) .................................................................. 155 
9.5.4 Injection based approach- (Chapter 8.6) ........................................................ 157 
Chapter 10 ........................................................................................................................ 159 
Chapter 11 ........................................................................................................................ 162 
References ........................................................................................................................ 164 
Appendix I ............................................................................................... 177 
Appendix 11 ....... ...................................................................................... . 178 
Appendix 111 ............................................................................................. 181 
Appendix IV •.•.•...•..•.••••••.. .•..••..•....••....••...•••...•....•...••....•••.........••..•.......•.. 198 
Appendix V •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• •• 207 
3 
Abstract 
The use of stereolithography tools for injection moulding allows plastic parts 
to be produced in a very short time due to the speed of mould production. The 
process' greatest advantage is that it can provide a low volume of parts that are 
produced in the same material and process as parts that would be produced by the 
conventional hard tooling, but in a fraction of the time and cost. 
However, this work has demonstrated different rates of polymer shrinkage are 
developed by parts produced by stereolithography tools and conventional tooling 
methods. These revelations defy the greatest advantages of the stereolithography 
injection moulding tooling process - the moulded parts do not replicate parts that 
would be produced by conventional hard tooling. 
The aim of this work is to acquire an understanding of the mechanisms in 
stereolithography tooling that induce these different part properties and develop a 
modification of the process that could change these, which would allow the moulded 
parts to demonstrate characteristics like those produced by conventional means. This 
work began with a focus on the differing shrinkage developed in parts from 
stereolithography moulds in comparison to those from a metal tool. Later the work 
shifted to a broader study of the polymer configuration of the parts with respect to 
crystallinity, which dictates shrinkage and other part properties. A link between the 
polymer characteristics and the experimental variables was then established. An 
understanding of the mechanisms and causes then allowed the development of control 
methods that enabled parts from stereo lithography moulds to be more like those from 
metal moulds. The main conclusions of the work show that control of part 
morphology with respect to crystallinity is possible by altering elements of the 
moulding process. The proposed methods for crystallinity control have a wide scope 
for exploitation. The methods may allow for 'tailoring' of the part properties which 
are dependant on crystallinity. 
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Glossary 
2D Two Dimensional. 
3D Three Dimensional. 
ABS Acrylonitrile-butadiene-styrene. 
AL Aluminium. 
Amorphous A polymer that demonstrates no organisational uniformity in its 
morphological structure. 
Anisotropic A state of alignment of chain molecules. 
ASA Acrylonitrile-styrene-acrylate. 
ASTM American Standard for Testing and Materials. 
A VG Average. 
Backfilling The act of producing a shell of the required SL mould insert and filling 
the back of this with a castable slurry. This is done to conserve 
expensive SL resin, reduce build time, and also in an attempt to change 
the physical & thermal properties of the insert. 
Bolster 
BS 
An encapsulating steel frame supporting the mould which provides a 
supportive body for withstanding injection & clamping pressures and 
allows alignment of the separate halves. 
British Standard. 
CAD Computer Aided Design. 
Confonnal cooling channels Channels containing a cooling medium that 
Core & cavity 
follow the surface contours of a mould insert. 
Sometimes the mould halves form a distinct male & female 
portions. This is not always the case, in which case they are referred to 
as the moving & non-moving mould halves with respect to the 
clamping procedure. 
Crystalline A polymer that demonstrates definite organisational uniformity in its 
morphological structure. 
DSC Differential Scanning Calorimetry. 
Fan gate Opening between the runner and mould cavity which has the shape of a 
fan. Spreads the molten polymer over a wide area. 
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FEA Finite Element Analysis. 
Gnd Ground. 
H20 Water. 
Hard tooling Generally consist of hardened steels which are capable of great wear 
resistance and are capable of producing many thousands of pieces. 
HOPE High Density Polyethylene. 
Heat of fusion A thermal transition period in which the morphological 
structure of crystalline material breaks down and becomes amorphous. 
It is characterised by the consumption of energy required to breakdown 
the crystalline areas by heating. 
HeCd laser Helium neon laser. 
HeNe laser Cadmium neon laser. 
Heterogeneous nucleation Nucleation that occurs on a nucleus that has been 
introduced to a crystalline polymer and is not native. 
HFC Heat Flux Channels. 
HIPS High Impact Polystyrene. 
Homogeneous nucleation Nucleation that occurs on a nucleus which is native and 
formed naturally by a crystalline polymer. 
Hygroscopic The absorption and retention of atmospheric moisture by a polymer. 
Insert A term that describes the separate parts of the mould which contain the 
cavity geometry. These are contained within the bolster but are 
removable. 
ISO International Standards Organisation. 
k-type thermocouples A device for temperature measurement, consisting of 
two wires of Nickel Chromium & Nickel Aluminium, which are 
welded together at one end. A small current is generated in the system 
and this is proportional to temperature at the welded tip. 
MCP TAFA A metal arc spraying system. 
Morphology A term referring to the shape, structure and form of a polymers make-
up. 
Mould An enclosed cavity into which material is forced to form a negative of 
the cavity geometry. 
Nucleus/Nuclei The central feature around which a crystal forms within a 
polymer. 
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PA 
PA66 
PC 
PE 
PEEK 
Polyamide. 
A variety of polyamide. 
Polycarbonate. 
Polyethylene. 
Polyether-ether-ketone. 
Photopolymer A polymer in which polymerisation is initiated by exposure to 
light. 
POM Polyoxymethylene. 
Post-curing Further curing of a part that takes place after completion of the 
stereolithography build process. 
PP Polypropylene. 
PPS Polyphenylene-sulfide. 
Pre-dip delay A feature of some stereo lithography build processes. Sometimes a 
period of inactivity is required prior to platform descent and resin 
recoating. 
PS Polystyrene. 
PTFE Polytetrafluoroethylene. 
Release agent A substance which is applied to the mould cavity surface to 
lower the friction caused by part removal. 
RP Rapid Prototyping. 
RT Rapid Tooling. 
RTV Room Temperature Vulcanizing. 
Runner and gating Features of mould design which provide a system of direction 
and entry to the molten polymer prior to admission into the mould 
cavity. 
SiOz Silicon dioxide. 
SL Stereolithography. 
Soft tooling Generally consist of moulds produced from materials of relatively low 
wear resistance. 
Solid model A term related to 3D CAD. A model consisting of joined solid entities 
to produce a geometry. 
Spherulite 
STL 
A crystal structure consisting of a round mass of radiating crystals. 
Surface Tessellation Language, also known as a derivation of 
STereo Lithography. 
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Strength A material's resistance to deformation. 
Surface model A term related to 3D CAD. A model consisting of joined 
surfaces to produce a geometry. 
Tools/tooling An encompassing term referring to the mould and the ancillary parts of 
this. 
Toughness A material's ability to absorb energy. 
UV Ultra violet. 
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Nomenclature 
T Temperature oc 
.1T Temperature difference oc 
Tg Glass transition temperature oc 
HDT Heat Deflection temperature oc 
V Volume cm3 
VH Volume at elevated temperature cm3 
K Thermal conductivity Wlm-K 
approximately 
+1- plus or minus 
~SM Compensation for expansion of the mould in shrinkage calculations 
Tm Maximum temperature oc 
Ta Ambient temperature oc 
p Density kg/m3 
Cp Specific heat capacity J/kgoc 
E Modulus of elasticity Nlm2 
1) Poisson' s ratio 
a Thermal coefficient of expansion oc 
%x Percentage crystallinity % 
Ra Surface roughness average I! m 
~H Heat of fusion Jig 
~ Hwo% Heat of fusion for I 00% crystallisation Jig 
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Chapter 1 
Rapid Prototyping & Stereolithography 
1.1 Rapid Prototyping 
The term Rapid Prototyping (RP) refers to the production of a physical 
geometry by one of a group of processes. RP processes directly produce a geometry 
from data developed from a 3D representation (i.e. CAD - computer aided design). 
The processes are exclusively characterized by generating the geometry by an 
additive, layer-by-layer manufacturing sequence, which when initiated runs 
unattended. Although 'Rapid Prototyping' is the most common, other terminology is 
associated with the technologies. Figure 1-1 shows terminology associated with RP. 
Automated Fabrication 
Rapid 
Manufacturing 
Material Jncress 
manufacturing 
Layered 
manufacturing 
Instant 
Manufacturing 
Fast Freeform• 1---~r;:;:;;~;;;;:::;::~;:;;;;~;::-!1----1.,_ 
:... RAPID PROTOTYPING 
Fabrication 
Direct CAD 
Manufacturing 
Desktop 
manufacturing 
3D Printing 
Figure 1-1: Terminology associated with rapid prototyping (Onuh & Hon 01) 
The use of RP allows physical parts to be created immediately and directly 
from the 3D CAD design. RP provides a direct passage from art (3D CAD design) to 
part (RP model) with little manipulation or manual activity. Also, the layer-by-layer 
generation technique allows the production of virtually unrestricted part geometries. 
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Some process steps are common in differing RP techniques. These are shown in 
Figure 1-2. 
3D CAD/model 
(all RP processes) 
' 
Conversion to STL file 
(all RP processes) 
Provision of support structure 
(most RP processes) 
Slicing of model & support structure 
(all RP processes) 
' 
Generation of model 
(technique varies according to RP process) 
, 
Post processing 
(technique varies according to RP process) 
Figure 1-2: RP Process Steps 
Many different RP processes are commercially available. These processes 
operate in different manners and raw materials. This literature will discuss only the 
process utilised in this research work - stereolithography. Details of other RP 
processes can be found externally to this body of work (Wohlers 02, Castle Islands). 
1.2 Stereolithography 
Stereolithography (SL) is the most mature RP process, its development began 
in the mid 1980's. SL represents one of the most geometrically accurate commercial 
RP processes with a minimum feature size of approximately 0.1 mm possible. SL is 
discussed in this section with respect to the process cycle illustrated in Figure 1-2. 
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1.2.1 Preparation 
Like a ll other RP processes, SL depends upon a 3D representation of the 
required part geometry. The 3D representation is typically provided by CAD. The 3D 
CAD can be formed by surface modeling, a lthough a so lid model is preferable as it is 
less susceptible to error in producing a 'watertight ' mode l. 
The provision of a 3D CAD mode l allows the data to be converted into a 
description suitable for RP. The industry standard is the STereoLithography or 
urface Tessellation Language (STL) fi le fo rmat. The principle ofSTL fil e generation 
involves representing a required part 's surfaces by a mesh of triangles. Any geometry 
can be described using this language. See Figure l-3 . 
Figure 1-3: STL representation of different geometries 
The defmition and replication of the intended geometry depends on the size 
and amount of triang les contained in this mesh. An example ofthjs is shown in Figure 
1-4. 
SmaLl triangles - good definition Large triangles - bad definition 
Figure 1-4: Tbe effects ofSTL tolerance on tbe definition of a cylinder 
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The use of smaller and more numerous triangles allows a better part definition. 
Part definition can never be perfect when dealing with curved surfaces as the use of 
STL essentially involves an approximate representation of a 30 object by a group of 
flat triangles. 
The STL fi le fo rmat is supported by a ll major 30 CAD packages. The STL 
file generation is performed automatically by the software, pending the defmition of a 
few variables such as size and number of triangles. 
SL requires the provision of physical objects to support the part during its 
production. These are generated by ancillary software, which is usually proprietary to 
the RP process, prior to building the part. The support structure acts as pillars to 
provide fixturing of the part to the build platform and support overhanging features 
that are not yet joined as one entity due to the sequential build process. Prior to 
generation of the support structures one should decide on the most advantageous build 
direction. See Figure 1-5. 
(STL File) (Support Structure) 
''"'. ~ ...... ~·~-....... 
I I 
90° Build (vertical) 45° Build 00 Build (horizontal) 
Figure 1-5: Support structure & build direction (Hague & Reeves 00) 
Once the part is in the selected orientation, complete with the necessary 
support structure, this data needs to be translated into a sequence of2D profiles. Each 
ofthese 'slices ' provides the SL process with the information relating to the position 
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and size of each section. The slice file is generated by software after the definition of 
a few variables i.e. the tbickness of each layer, typ ical SL range 0.05 - 0. 15rnm. The 
fina l stage of preparation involves transferring the slice file to the SL machine. 
1.2.2 Stereolithography build process 
SL generates a solid object by se lectively curing a photosensitive liquid resin 
by exposure to UV light provided by laser. Manufacturers of SL systems are listed in 
Table 1-1 . A 3D systems 350 SLA machine was used for SL production in this work. 
Manufacturer Web site address 
3D Systems http://www.3dsysterns.com 
Autostrade http://www.autostrade.co.jp 
CMET http://www.cmet.co.jp 
Den ken http://www.oitaweb.ne.jp/dksystem 
Meiko http://www.meiko-inc.co.jp 
Sony/D-MEC http://www.d-rnec.co.jp 
Table 1-1 SL system manufacturers. 
The part is generated on a platform which is contained within a bath of the 
liquid resin (shown as ' liquid polymer' in Figure 1-6). 
Po-forn 
Figure 1-6: Schematic of the SL build process (Hague 97) 
19 
The process begins with the platform sitting just be low (depth depends on 
layer thickness parameter) the surface of the resin. The UV laser then traces the 
pattern of the appropriate section (at the beginning tllis will be support structure) on 
the resin surface. See Figure 1-7 . 
Figure 1-7: Scanning of a section during SL build process 
The resin that comes into contact with UV light rrom the laser will so lidify 
(polymerise) as a reacti.on to UV exposure and be attached to the section below (at the 
beginning of the build process thi s will be the build platfo rm). When building the 
initial support structures, the elevator then descends the platform beneath the resin 
surface to renew a layer of uncured res in on top of the previous section. The platform 
then ascends the appropriate distance so the previous section sits just be low the res in 
surface. While the actual part is be ing built (as opposed to just support structure), the 
re-coating sequence incorporates the sweeping of the resin surface with a blade to 
ensure a consistent and accurate amount of resin is present prior to rescanning (this 
does not happen during the beginning stages as accuracy of the support structure is of 
litt le importance). The next section is then scanned and the sequence continues until 
all sections have been produced and the part is completed. 
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The materials that can be used in the process are restricted to acrylic and 
epoxy resins. Resins of very different characte ristics are avai lable but they are a ll 
essentially variants of epoxy and acrylic. Variants inc lude filled resins, flexible resins. 
high temperature resins and co loured res ins. Manufacturers of L resins are listed in 
Table 1-2. The resin used in this work was Vantico SL5 190, data on this materia l can 
be found in Appendix I. 
SL resin manu facturer Web site address 
DSM Somos http://www .dsmso mos.com 
RPC http://www.rpc.ch 
Yantico http://www.vantico.com/tooling 
Table 1-2 SL resin manufactu rers. 
1.2.3 Post processing 
Once the bui ld has been completed by the SL system the platform containing 
the parts is removed from the machine. The parts and platform need to be stripped of 
excess res in prior to any further processing. The res.in is hazardous in repeated contact 
with skin and also uncured resin may be trapped in fine geometrical features (i.e. 
ho les acute angles etc). The resin is typica lly removed by washing with a so lvent. 
When free of excess resin, the parts may be broken away from the suppo rt 
structure. The parts are not fu lly cured by UV exposure during processing in the L 
apparatus so they require furthe r treatment to become fully polymerized (Bla ir & 
Cotton 98). This post-curing is commonly realised by immers ing the parts in an 
encapsulating UV environment. Tt is a lso possible to cure the res ins by heating in an 
oven. Once the parts have been post-cured they a re safe to handle unprotected and are 
ready for use. An example SL part is shown in Figure 1-8. 
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Figure 1-8: Completed SL part 
1.3 Hypothesis 
The use of moulds produced by SL a llow plastic parts to be produced by 
injection moulding in a short time due to the speed of mould production. The 
supposed great advantage of the process is that it provides a low vo lume of parts that 
are identical to parts that would be produced by conventional hard tooling in a 
fract ion of the time and cost. 
However, this and other work shows that the properties of parts produced from 
SL tooling are not the same as those produced by metal tooling. So these revelations 
defy the greatest advantages of the SL injection moulding tooling process; the 
moulded parts do not replicate parts that would be produced by conventional hard 
tooling. 
The a im of this work is to acquire an understanding of the mechanisms in SL 
tooling that induce these different part properties and develop a modification of the 
process that could change these, which would a llow the moulded parts to demonstrate 
characteristics like those produced by conventional means. Should this be possible, 
SL too ling would be able to provide a tru ly comparative rapid tooling alternative for 
low vo lumes of injection moulded parts. 
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This work addresses the a tm by breaking the task down into separate 
objectives. Each objective was addressed in a sequential manner and fo rm the 
structure of the thesis. These objectives consisted of: 
Identify 
Init ial pilot studies to estab lish any shrinkage di fferences of parts when injection 
moulded in SL and metal tools. This is contained in Chapter 4. 
Determine 
Full experimentation to quanti fy shrinkage differences between crystalline and 
amorphous polymers when injection moulded in SL and metal tools. This is contained 
in Chapter 5. 
Understand 
Generate an understanding of the mechanis ms that create the differences a nd what 
causes these. This is contained in Chapter 6 & 7. 
Control 
lt was hoped an understanding of the mechanisms and causes would a llow the 
development of control methods that allow the parts from SL moulds to be s imilar to 
those from metal moulds. This is contained in Chapter 8. 
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Chapter 2 
Plastic Tooling for Injection Moulding 
The use of plastic too ling in injection moulding occurs within the fie ld of 
Rapid Tooling (RT). RT provides processes that are capable of producing inj ection 
mould tooling for low volume manufacturing at reduced costs and lead times. Suc h 
tooling a llows the injection moulding of parts in the end-use materials for functional 
prototype evaluation, short series production and the validation of des igns prior to 
hard tooling commitment. The term Rapid Tooling is somewhat ambiguous - its name 
suggests a tooling method that is simply produced quickly. However, the term is 
generically associated with a tooling method that in some form invo lves rapid 
prototyping technologies. 
The too ling techniques can be d ivided into direct and indirect methods. The 
direct methods invo lve a rapid prototyping system directly generating the tooling 
inserts in its native material. The indirect methods invo lve the use of an init ia l 
geometry that has been produced by an RP process. This geometry is utilised as a 
pattern in a sequence of process steps that translate into a too l made of a materia l 
different to that of the RP pattern. RT methods can produce metal-based tooling, 
however such techniques wi ll not be d iscussed as this research work concerns plast ic 
too ling. 
2.1 Indirect Plastic Tooling for Injection Moulding 
Methods fo r producing indirect plast ic too ling fo r injection mould ing include: 
• Cast epoxy tooling 
• RTV silicon too ling 
• Composite cast epoxy too)jng 
Cast epoxy too ling represents a common indirect plastic RT method for 
injection moulding. The process begins with a 3D model ( i.e. CAD) of the part to be 
moulded. Subsequently this model is produced by an RP method to provide a master 
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pattern around which the mould w ill be formed. Traditionally, so le ly the part is 
produced without provisio n for parting lines, gating etc. Such ancillaries are generated 
by manual methods ( i.e. by fl.xing additional features to the part). However the advent 
of easier CAD manipulation a llows the model to be produced inc lud ing such features. 
Figure 2- I shows the part to be produced and Figure 2-2 shows the inclusion of a 
parting Line in the 3D CAD mode l. 
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Figure 2-130 CAD model of part to be reproduced as a cast epoxy tool. 
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Figure 2-2 Parting line generation in CAD 
Once the master pattern has been produced by RP, the mo uld halves are 
created by casting epoxy around the pattern, as shown in Figure 2-3 and Figure 2-4. 
The mould ha lves recreate a negative profi le of the pattern as shown in Figure 2-5. 
Figure 2-3 Casting of l s1 mould half section illustration 
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Figure 2-4 Casting of 2"d mould half section illustration 
Figure 2-5 Resulting mould inserts 
The epoxy may include fi llers in attempts to improve strength and thermal 
properties of the mould. Such fillers include metal and ceramic particles in various 
fo rms. The epoxy is commonly cured by exposure to an elevated temperature. Prior to 
use in injection moulding, the epoxy mould halves (inserts) need to be contained 
within a bolster (an encapsulating meta l mould frame) for both alignment and load 
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bearing. The mould halves may require some further process ing to allow fitment and 
ensure alignment of the mould faces within the bolster. 
2.2 Direct Plastic Tooling for Injection Moulding 
Methods for direct plastic too ling for injection moulding include: 
• Stereolithography 
• Select ive Laser S intering of plast ics 
This work concerns stereolithography which can directly generate tooling 
inserts that can be used in injection moulding. The accuracy of the SL RP process 
results in inserts that require few further operations prior to their use in injection 
moulding. Thus, the process provides a quick route to tool ing that, depending on 
geometric complexity and the moulding polymer, can produce ~ 50 parts (Hi lton & 
Jacobs 00). 
SL too ling is also referred to as Direct AIM. This term was given to the 
process by 30 Systems (SL system manufacturers) and refers to Direct ACES 
Injection Mo lding. (ACES stands for "Accurate Clear Epoxy Solid," which is a 
stereo lithography build style) (Harris 01 ). 
Like a ll RP related techniques the process is dependant on a 3D CAD model 
of the intended geometry. Unlike indirect techniques, the whole tool insert is 
generated by SL and so a 3D CAD representation of the whole tool insert is required. 
This involves creating negatives of the part to form the mould insert bodies, plus the 
provisions for gating, part ejection etc. Previously, this extra CAD work would have 
represented more work required in the preparation. Such input is no longer required as 
modern CAD manipulation packages (e.g. Materialise' s Magics software) allow the 
automation of such activities. This is demonstrated in Figure 2-6. 
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Figure 2-6 Tool insert generation in Magics (Materialise) 
Once generated, the cavity inserts (an example is shown in Figure 2-7) need to 
secured in a bolster to withstand clamping fo rces and to provide a lignment to the 
mould halves. During moulding, a release agent should be frequently used to lower 
the force experienced by the tool due to part ejection. It is also critical to monitor the 
mould temperature to avoid exceeding the glass transition temperature (T g) of epoxy 
where tool strength is reduced. Tnis entails each moulding cycle beginning with the 
epoxy insert at ambient temperature and the part being ejected prior to T s of the insert 
being reached. 
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Figure 2-7 Injection moulding insert generated by SL, shown with part (Harris 98) 
2.3 The Injection Moulding Process 
The origins of the injection moulding process can be traced to the late 1800's, 
whilst concentrated development was spurred in the 1940s with the advent of World 
War H. rt has since become a prevalent process for mass production of plastic parts, 
its products are apparent virtually everywhere in modern society. 
The process broadly consists of forc ing a molten po lymer into an enclosed 
shaped cavity to reproduce a definite form. When the form cools and hardens it is 
ejected and the cycle repeated to produce multiple pieces. This section discusses the 
aspects of the process cycle. 
2.3.1 Polymer processing & Injection 
The raw polymer material takes the form of granulated pellets. Some polymers 
require drying prior to inject ion moulding to remove any moisture. Such drying takes 
place by exposure to an elevated temperature. Once prepared, the raw materia l is fed 
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into the injection unit of the injection moulding machine where it is transported, 
melted and injected under pressure by a reciprocating screw contained within a heated 
cylinder. Figure 2-8 shows a sectional illustration of a typical injection unit. 
Screw 
bead 
R3w 
matenal 
pellet 
Non-return 
valve 
Reciprocabng 
screw 
Heater band 
Figure 2-8 Section of injection unit 
Feed 
Barrei/Cv!J.nder 
Hydrauhc/Electnc 
Actuator 
As materia l ts fed into the cylinder the screw is rotated and material is 
conveyed forward. As it travels forward the material is subjected to a high 
temperature, which is induced ex'ternally via heater bands, and a shearing action, 
which act to melt and blend the polymer. As the polymer melt reaches the end of the 
tluted region of the screw it passes through the non-return valve and sits in front of 
the screw head. When injection is initiated, the screw is plunged forward at a given 
speed and pressure which forces the material out of the nozzle. Once injection is 
completed the screw is simultaneous ly rotated and drawn back, which repeats the 
cycle of feeding material forward and sets up the next shot. 
2.3.2 Mould & Clamping 
The mould tool contains the cavity inserts of the part to moulded. The mould 
tool (bolster) provides a body capable of withstanding clamping forces and allows 
alignment ofthe mould halves. When brought together, a holding force is provided by 
the c lamping unjt which opposes the forces within the cavity during material 
injection. A schematic oftrus is shown in Figure 2-9. 
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Upon closing, the moving half of the mould is moved forward to meet the 
fixed half of the mould where the parting lines of the cavity inserts will meet to form 
an enclosed void into which moulding is possible. The moving half of the mould is 
attached to the moving platen of the machine, which is actuated by a hydraulic or 
electrical system. The movement of the platen is guided along the tie bars which 
provide structural rigidity and allow alignment of the mould halves. Once the mould 
is closed the clamping system applies further force to counteract cavity pressures 
during injection that would otherwise force the mould open. During injection the 
polymer melt enters the mould tool through a tapered orifice called a sprue bush. The 
melt is directed into the mould cavity via a runner and gating system which is 
integrated in the mould insert. After injection is completed a period of inactivity is 
required to allow the part to cool and solidify. This length of time is dependant on the 
part geometry and process parameters used. When the cooling time has expired the 
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mould is opened by a reverse action of the clamping system to retract the moving 
mould half. The part is removed from the cavity by an ejection system which consists 
of several actuated pins, the tips of which lie on the same surface contour as the 
mould cavity surface. These pins are pushed forward to free the part from the cavity. 
After any necessary lubrication or cooling of the mould, it is then possible to continue 
the repetitive moulding cycle. 
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Chapter 3 
Research into Plastic Tooling 
3.1 Introduction. 
This literature review covers the boundaries of stereolithography injection 
moulding and the aspects encompassed within this process, from establishing its 
requirement and beginnmgs, to a description of the previous work concerning 
variables within the process. 
3.2 The Requirement of the Process. 
The introduction of rapid prototyping has allowed engineers and designers to 
generate physical models of parts very early in the design and development phase. 
However the requirements of such prototypes has now progressed beyond the 
validation of geometry and onto the physical testing and proving of the parts. For such 
tests to be conducted, the part must be produced in the material and manner (process) 
that the production intent part will be. For injection moulding, this situation highlights 
the requirement of a rapid mould making system that can deliver these parts within 
time and cost boundaries. 
SL provides a possible solution to this by providing the rapid creation of a 
mould. A negative of the part required plus gating and ejection arrangements are 
generated in 3D CAD to create a tool that is fabricated by SL. This provides an epoxy 
mould from which it is possible to produce plastic parts by injection moulding. 
There exists other methods that could be used to create the required tooling. 
These include vacuum casting and resin casting. These processes have been compared 
with the SL injection moulding (Luck et al. 95) to produce a typical quantity of parts, 
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where the SL moulding process was found to be a superior alternative for producing 
design-intent prototypes. 
SL injection moulding has also been compared with other direct RP mould 
generating techniques for producing a typical development quantity of mouldings. 
These RP methods included: 
• SL - 3D Systems 
• SL - EOS STEREOS 
• SL- Fockele & Schwarze 
• Cubital Solider (acrylic) 
• Laminated Object Manufacturing - Helisys 
• Selective Laser Sintered glass filled nylon - DTM corporation (now 3D 
Systems) 
Of these moulds only the SL moulds successfully produced the required 
number of parts and further more were still capable of producing additional 
mouldings at the end of the trials (Roberts & Ilston 98). 
It has also been noted that other alternative techniques involve additional steps 
to the process, therefore becoming less direct and not really rapid tooling (Jayanthi 
97). Other advantages of the process have been highlighted beyond the prototype 
validation phase. Since the tool design has been verified, the lead-time and cost 
involved in the manufacture of production tooling is also often reduced as the tool 
designed has already been proven (Heath 96). 
3.3 Pioneering Work 
During the early years of stereolithography it was never envisaged that such a 
rapid tooling method would be possible. At frrst glance the application of SL for 
injection mould tooling seems unfeasible due to the low thermal conductivity and 
limited mechanical properties of epoxy, especially at high temperatures. The glass 
transition temperature of SL materials available was only -60°C while the typical 
temperature of an injected polymer is >200°C. 
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Despite these supposed limits, successful results were achieved by S L users 
worldwide, including the Danish Technological Institute, Ciba Geigy (now Vantico), 
the Fraunhofer Institute, the Queensland Manufacturing Institute and Xerox 
Corporation (Jacobs 97). 
Rather than being a failing, the low thermal conductivity of SL epoxy has been 
demonstrated to be advantageous in its application in injection mould tooling. It has 
been shown that the low thermal conductivity of SL tooling allows the use of low 
injection speeds and temperatures which are required due to the limited mechanical 
properties of SL materials (Harris 02 [a]). Traditional metal tooling needs these high 
pressures and speeds to prevent the injected polymer freezing prior to the mould 
completely filling. This is due to the rapid cooling of the injection melt when it comes 
into contact with the high thermal conductivity mould surface. 
3.4 Mould Construction 
3.4.1 Design Considerations 
In terms of the mould's actual cavity design, little information exists on the 
specific requirements of SL tooling. The early white paper issued by 3D Systems 
suggests the incorporation of a generous draft angle but does not state the amount and 
recommends the use of a silicone based release agent (every shot) in an attempt to 
prevent the parts sticking to the inserts (Jacobs 96). Work has been conducted (Harris 
& Dickens 01) that quantifies the effects of draft angle on the force exerted on SL 
tools upon ejection of a moulding. It has been shown that an increase in tooling draft 
angle results in a lower force required to remove a part from the tool. However, the 
effect of draft angle variation on ejection force is minimal and little compensation for 
the deviation from intended part geometry caused by the addition or removal of 
material required to form draft. This is demonstrated in Figure 3-1. 
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Figure 3-1 Geometrical alteration caused by draft angle inclusion 
Work has been conducted to establish the cause of core damage during 
moulding. This found that damage was not related to pressure but to the size of the 
core features. Smaller core features were broken due to a shearing action caused by 
polymer melt movement (Ralunati & Dickens 97 [a]). 
Experimentation has revealed two modes of wear during the material flow 
within the cavity. These modes were abrasive at medium flow points (i.e. sharp 
corners), and ablative at high flow points (i.e. injection points) (Jayanthi et al. 97). 
Other work (Greaves & Troy 97) has also emphasised the importance of the material 
flow influenced by mould design, identifYing gating and parting line shut off areas as 
points of potentially high wear. 
Thermal expansion of the SL insert should also be taken into account when 
designing a mould as this expansion has a resultant effect on injection moulded part 
accuracy (Jayanthi 97). 
3.4.2 Insert Generation. 
A single SL resin type may generate an insert of various different 
characteristics according to the parameters used both during build and post 
processing. 
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The physical properties of an SL part is influenced by its state of 
photopo lymer cure, which is related greatly to the degree of energy exposure received 
(Jayanthi 98). During the SL build process, this amount of energy exposure is specific 
to the laser type used (which differs according to the SL machine) and the build 
parameters used. A pulsed mode laser system's degree of curing is dependent upon 
the pulse frequency and the hatch spacing. Generally a continuous mode laser system 
allows for greater energy exposure. 
With respect to post-curing operations it should be noted that the amount of 
curing is not greatly affected by UV environment exposure (Jayanthi 98). If thermal 
post curing is to be used it should also be noted that a large majority of warpage 
occurs during this stage (Schulthess et al. 96), which may be a concern if thin walled 
sections are in existence. 
The layer thickness of each build slice dictates the SL part's surface roughness 
parallel to the build direction. When this surface roughness is parallel to a moulded 
part's direction of ejection it has a resultant effect on the force required to remove the 
part from the mould which in turn applies a force to the insert which could result in 
damage. This surface roughness and the ejection forces experienced, correspond 
linearly to the build layer thickness (Harris et al. 02 [a]). An illustration of this is 
shown in Figure 3-2. 
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Figure 3-2 The effect ofSL build layer thickness alteration on tool surface Ra 
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3.4.3 High Temperature Stereolithography Resins. 
Stereolithography photopolymer resins have recently been developed that are 
able to resist higher temperatures. The important thermal properties for SL injection 
moulding are the glass transition (T g) and heat deflection temperatures (HDT). Values 
for typical mainstream SL resins (e.g. CibaTool5180) are 59°C Tg and 49°C HDT. 
The earliest high temperature resin to become commercially available was 
Ciba (now Vantico) 5410. This resin exhibited higher T8 and HDT values than 
previous resins, which can also be further increased by thermal post curing. These 
values are 88°C (68°C without thermal cure) for both Tg and HDT values (Pang et al. 
97). Other benefits of this resin include humidity & water resistance, greater strength 
& rigidity, better accuracy and a faster production speed (no pre-dip delay required in 
the SL build process). 
The most recent of the commercial high temperature resins is Ciba's 5530HT. 
This resin has even greater high temperature properties, which again can be increased 
by thermal post curing. The values are 122°C (79°C without thermal cure) Tg and 
200°C (80°C without thermal cure) HOT (3D Systems 98). 
This resin has been used by the author for SL injection mould tools (Harris 
99). These tools broke under the application of 1.5 tonnes clamping pressure which, 
even in the terms of stereolithography injection mould tools, is an extremely low 
clamping pressure. This demonstration of low compressive strength is reflected in the 
lower elongation at break values stated by the manufacturer (1.3-2.9%), as compared 
to resins used in previous stereolithography injection mould tooling (9%). The higher 
T 8 of the material is at the cost of increased brittleness. These findings have since 
been reflected by other research institutions (Dawson 99) and the use of the higher T g 
resin for stereo lithography injection moulding applications has been withdrawn by the 
manufacturers. 
An interesting research development concerns the use of liquid crystal resins. 
These resins contain stiff, rod-like mesogenic (an intermediate state between liquid & 
solid) segments which can be aligned (in this case with a magnet) causing an 
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anisotropic state. The alignment of the segments during layer manufacturing results in 
a cured material with anisotropic physical and mechanical properties. These 
mesogenic segments can result in high glass transition temperatures, especially so if 
the spacer groups which connect the mesogenic core with the reactive end groups are 
kept short (Schultz et al. 97). With a suitable spacer group post cured specimens 
exhibited a Tg of 112-145°C (Ullett et al. 97). The mechanical strength of these parts 
depended on the orientation of the mesogenic segments. 
3.5 Injection Moulding Parameters. 
Early recommendations for SL injection moulding stated that since damage 
occurs during part ejection it was appropriate to allow as much cooling prior to mould 
opening as possible. This reduced the tendency of the parts to stick to the inserts 
(Jacobs 97). 
However, more recent work (Hopkinson 99) has demonstrated that it is 
advantageous to eject the part as soon as possible (when part strength allows) before 
the bulk mass of cavity features have exceeded their glass transition point, when their 
physical strength is greatly reduced. This greatly reduces the heat transmitted into the 
tool and the cycle time for each part. 
The key to successful SL tooling is to understand the demands of the mould 
design and injection moulding parameters, which are very different from those for 
metal moulds. It has also been demonstrated that appropriate choices in mould design 
and process variables can reduce the risk of failure in SL tooling (Harris 02 [b], 
Palmer & Colton 99, McDonald et al. 01, Hilton & Jacobs 00). 
3.5.1 Injection Moulding Materials 
Various polymers have been successfully moulded by SL injection moulding. 
These include polyester (PE), polypropylene (PP), polystyrene (PS), polyamide (PA), 
polycarbonate (PC), polyether-ether-ketone (PEEK), acrylonitrile-styrene-acrylate 
(ASA) and acrylonitrile-butadiene-styrene (ABS) (Luck et al. 95, Eschl 97, Harris 02 
[a] & Schulthess et al. 96). 
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The greatest material limitation encountered has been the use of glass filled 
materials. All evidence indicates that the SL moulding technique is unable to cope 
with glass filled materials due to severe problems of abrasion to the SL cavity surface 
(Stierlen et al. 97, Eschl 97, Luck et al. 95 & Schulthess et al. 96) causing a 
roughening of the cavity surface. This leads to poor quality, inaccurate parts and 
undercuts in the cavity, which eventually result in the destruction of the SL insert. 
This abrasive nature has been quantified with a comparative SL moulding study ofP A 
66 and PA 66 with 30% glass fibre content. The PA 66 enabled 19 shots prior to 
damage, while the glass filled variant allowed only 6 shots before the same level of 
damage was incurred (Schulthess et al. 96). These fmdings are supported by work 
conducted by the author as part of a separate project. This work utilised P A 66 with a 
30% glass fibre content. The SL tools concerned produced only 5 parts before the tool 
was damaged, which progressively worsened (Harris 02 [ c ]). 
3.6 Moulded Part Properties. 
Early work examining the resultant parts by the SL injection process described 
them only as being of a poor quality, effected by warping and requiring a longer time 
to solidify due to the mould's poor heat transfer producing a non-uniform temperature 
distribution (Li et al. 97). Other work has also noted that using differing materials in a 
mould's construction (i.e. a steel core and a SL cavity) led to warping of the part due 
to the different thermal conductivity's of the mould materials (Jayanthi et al. 97). 
The low thermal conductivity, and hence the low cooling rate, of the mould 
has a significant influence on the material properties of the moulded parts. Parts from 
an epoxy mould exhibit a higher strength but a lower elongation; about 20% in both 
cases (Eschl 97). 
The differing mechanical properties of parts produced from SL moulds as 
compared to those from metal tools is also demonstrated in other work (Jayanthi et al. 
97). This showed that the parts manufactured by SL moulding had a lesser value of 
Young's Modulus compared to those produced in a steel mould but possessed a 
greater maximum tensile strength and percentage elongation at break. These different 
part properties were attributed to a slow rate of heat transfer of the tool. This slow rate 
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of heat transfer produces longer part cooling times giving a greater strength but less 
toughness (Dusel97). 
Research performed at Georgia Institute of Technology has further 
investigated the mechanical properties of parts produced by the SL moulding process. 
This work showed that non-crystalline and crystalline thermoplastic parts produced by 
the SL moulding technique displayed differing mechanical characteristics than parts 
from traditional moulds. Non-crystalline material parts possessed similar all-round 
mechanical properties compared to those produced in identical steel moulds. 
However, crystalline thermoplastic parts demonstrated higher tensile, higher flexural, 
and lower impact properties compared to those manufactured in identical steel moulds 
(Dawson 98). 
More so with crystalline polymers than with amorphous materials, the 
mechanical properties of the plastic parts are influenced by the cooling conditions 
(Dusel et al. 98). These results came from the comparative tensile testing of 
specimens produced from steel and cast epoxy tools; cast epoxy having similar 
thermal properties to SL resin (Jayanthi 97). These differing effects on mechanical 
properties have been demonstrated with polystyrene (PS, amorphous) and 
polypropylene (PP, crystalline). When the respective part's mechanical properties 
were compared when produced by steel and by SL moulds, the PS parts showed very 
little change while the PP parts demonstrated a great difference (Schulthess et al. 96). 
In addition to differences in mechanical properties it has also been identified 
that some polymers exhibit different shrinkage according to the cooling conditions of 
the part during moulding (Damle et al. 98, Velarde & Yeagley 00, Gipson et al. 99, 
Pate! 97, Tursi & Bistany 00, Segal & Campbell 01, Pierick & Noller 91). These 
works indicate that crystalline polymers are susceptible to greater shrinkage when 
subjected to a slow cooling time. 
These differences in part properties have been attributed to the degree of 
crystallinity developed in the moulded parts. This has been demonstrated by 
microscopic comparisons of parts produced by SL and metal alloy tooling (Langen & 
Michaeli 97). This revealed the spherulites (a crystal structure consisting of a round 
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mass of radiating crystals) to be considerably larger from the SL tooling parts due to 
the higher temperatures and slower cooling involved during moulding. 
In the wider field of general injection moulding and plastics research, work 
has been conducted to identifY and assess the variables that influence a parts 
properties (Michaeli & Keller 96, Yang & Nunn 92, McLeod 99, Kantz 74). These 
papers report a common theme, they identifY the thermal history of the part to be a 
critical variable responsible for the parts resulting attributes. 
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Chapter 4 
Pilot Tests on Part Shrinkage in 
Stereolithography Injection Mould 
Tooling 
4.1 Aims and Justification 
As discussed in the previous chapter, some work has identified that SL tooling 
produces mouldings which demonstrate different properties to those produced from 
metal tools. Amongst these part property anomalies is shrinkage. 
This work began with a focus on the differing part shrinkage incurred by parts 
moulded in metal and SL tools. Shrinkage was selected as an initial investigation area 
as it is a property to which a part's validity is most vulnerable. Being able to predict 
the shrinkage is of great importance to the accuracy of an end-part. Without 
knowledge of the shrinkage rate that will occur one will be unable to compensate for 
this in cavity sizing, resulting in a part that is not of the intended geometry. This 
deficiency becomes even more exaggerated when a larger part is to be moulded, with 
the shrinkage resulting in a greater reduction in volume. Some difference in 
mechanical properties of parts may be acceptable but if the tool cannot reproduce a 
required geometry then it and its parts are useless. 
4.2 The Shrinkage incurred by Thermoplastics with respect to 
Injection Moulding. 
Plastic shrinkage, a reduction in volume, occurs during the cooling of a plastic 
material from an elevated temperature. The degree of this reduction is specific to the 
material characteristics and the process parameters used. These specifics, with 
reference to injection moulding, will be discussed in the following sections in terms of 
theory and practice. 
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4.2.1 Shrinkage Theory. 
There exists three inter-relating factors that can be attributed to shrinkage in 
injection moulded thermoplastics. These are Volume, Temperature, and Pressure. 
Each of these factors can be affected and altered by a wide range of material and 
process conditions. 
Thermoplastics expand in volume when heated. Similarly a hot plastic will 
shrink to its original volume when the plastic is allowed to cool. The amount of 
shrinkage depends on the difference between the hottest temperature (i.e. its molten 
state) and the coldest temperature (i.e. a solid part at ambient temperature) 
experienced by the plastic. This difference between the expansion and the original 
volume (and hence the inverse - shrinkage) is the coefficient of thermal expansion 
which is specific to individual thermoplastic materials. 
Coefficient of Thermal Expansion: 
(VH- V) x 100 (expressed as a% ofV) 
V (Rees I 995) 
Where: V= Volume at ambient/pre-heating temperature 
VH = Heated volume 
However, all plastics, whether solid or molten, are compressible. Therefore if 
a plastic is held under compression during cooling an amount of the shrinkage can be 
compensated for. The amount of this compensation depends on the amount and time 
of follow-up pressure (further pressure applied to the polymer when the mould is full) 
application. 
4.2.2 Shrinkage in Practice 
Each of the afore-mentioned factors (Volume, Temperature & Pressure) shall 
now be discussed with reference to some of the less obvious conditions that can relate 
to these. 
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As mentioned in section 4.2.1, the amount of thermoplastic expansion (and 
therefore shrinkage) is proportional to the temperatures experienced. Thus a 
thermoplastic will exhibit different shrinkage according to the temperatures of the 
injection moulding machine's cylinder, nozzle and moulding surfaces (DuBois & 
Pribbles 87). Also, if the rate of heat removal is uneven in the moulding cavity this 
will lead to uneven shrinkage of the plastic part. Should the part be ejected before it is 
completely cooled (which is common due to time constraints, being ejected as soon as 
it can withstand the forces involved) the part may develop warpage due to uneven 
shrinkage that may occur whilst outside the constraints of the mould cavity (Rees 95). 
Warpage is caused by internal stresses within a product, which are a result of areas of 
differing shrinkage (Rees 95). 
Regarding part volume, a part of a thinner wall section will experience a lower 
percentage shrinkage than a thicker wall section. This is acknowledged by some 
shrinkage quotations, which state a range of expected shrinkage according to wall 
section thickness (DuBois & Pribbles 87). Thermoplastics, in differing degrees, 
experience the vast majority of their total volumetric shrinkage during the first few 
hours after moulding but a remaining percentage (e.g. 10%) may not be achieved for a 
period of days (Rosato 93). 
As previously mentioned, the degree of shrinkage that can be compensated for 
by follow-up pressure depends on the time this is applied. Follow-up pressure can 
only be maintained until the gate freezes. For this purpose, a larger or heated gate 
allows follow-up pressure to be applied for a longer period during the mould closed 
time. For thin wall section parts, a great drop in cavity pressure can be experienced as 
the material moves away from the point of material injection i.e. the gate. Since a 
lower pressure is experienced in these areas a greater degree of shrinkage may be 
experienced. The number of gates will also affect the shrinkage with respect to 
pressure within the cavity. Using more than one gate will allow the mould to be filled 
at a faster rate, with a lower pressure (Rees 95). 
There are also are other variables that can effect shrinkage that are not related 
to pressure, temperature or volume. Different degrees of shrinkage can occur in the 
same part not only due to differing wall thicknesses but also in different directions 
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due to orientation of the material flow. For example, shrinkage parallel to flow differs 
from the shrinkage experienced transverse to flow. This is caused by the orientation of 
the long, chain-linked molecules of the thermoplastic during material injection into 
the cavity. Similarly, filled thermoplastic materials (e.g. glass filled) may exhibit this 
characteristic to a greater degree. The part may display greater shrinkage across the 
fibre lengths, which orientate themselves according to injection direction (Dubois & 
Pribbles 87). 
4.3 Initial Work. 
The work began by conducting some pilot tests to identifY shrinkage 
differences of parts from SL moulds as compared to those from metal moulds. These 
pilot tests aimed to establish the degree of post moulding shrinkage (shrinkage 
occurring after part ejection from it's moulding cavity) that occurs for different 
polymers moulded in different tool materials. This work is described and the results 
presented in the following sections. 
4.4 The Post Moulding Shrinkage in Polypropylene (PP) and 
Acrylonitrile-Butadiene-Styrene (ABS)- A Comparison of 
Stereolithography & Aluminium Tooling. 
4.4.1 Methodology 
This experiment aimed to establish the post moulding shrinkage incurred by 
measuring the part immediately after moulding. This was done over a period of one 
hour. 
Identical PP and ABS parts were produced from aluminium (AL) and SL tools 
of the same geometry using the same moulding parameters. The tool was sourced 
from previous research work (Harris et al. 00). It produced a part that consisted of a 
closed, tapered cylinder and a cylindrical flange. The area of part measurement is 
shown in Figure 4-1 and Figure 4-2. 
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Part 
Measw-emenl 
- 040mm 
n ..~---- Flana:e 
I{ 
~....______[ Sprue 
J 
~CCylinder 
Figure 4-1 Cross section of part geometry used in pilot tests 
Figure 4-2 Part measurement in pilot tests 
The critical moulding parameter values used for injection moulding are listed 
in Table 4-1 . 
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Melt Temperature PP 1 85°C, ABS 260°C 
Injection speed 0.2 m/sec 
Injection pressure 50 bar 
Packing pressure none 
Clamping fo rce 1.5 tonnes 
Cooling time 40 secs 
Table 4-1 Critical moulding parameters used 
The parts were measured periodically o ver a period of one hour using a 
micrometer with a resolution of 10 microns, beginning immediately after the part was 
ejected fi-om the tool. Five specimens of each type were moulded. An average 
specimen measurement at each time period is shown in the results. 
4.4.2 Results 
The results from each experiment are shown with erro r bars plotted around the 
average indicating shrinkage range of specimens in both positive and negative 
directions. 
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Figure 4-4 The Post Moulding Shrinkage of an ABS part from SL & AL tooling 
4.4.3 Discussion of initial work 
Figure 4-3 illustrates that the PP part produced in the SL tool incun·ed a total 
post moulding shrinkage of~ 0.6% over a period of 30 minutes. The PP part produced 
by the AL tool exhibited a total post moulding shrinkage of ~ 1% over a period of 1 0 
minutes. 
Figure 4-4 graph illustrates that the ABS part produced in the SL tool incurred 
a total post moulding shrinkage of~ 0.76% over a period of 15 minutes. The part 
produced by the aluminium tool exhibited virtually no post moulding shrinkage. 
The two sets of results demonstrated opposing results i.e. PP exhibited greater 
post moulding shrinkage from the AL mould, ABS exhibited greater post moulding 
shrinkage from the SL mould. 
Any analysis was complicated by the fact that the two polymer materials used 
different melt temperatures. Earlier in this chapter, temperature was identified as a 
critica lly influential variable on shrinkage. These temperature d ifferences were 
demonstrated in a practical manner during the tests when the ABS part were notably 
hotter to touch during measurement as compared to the PP parts. 
51 
The part geometry used was not suitable for establishing shrinkage. The 
shrinkage should be measured only in one axis, which is not the case with the 
geometry used (see Figure 4-1 & Figure 4-2). The geometry used in these tests 
complicated this matter by the inclusion of the cylinder in the measurement axis. 
Also, polymer literature (Rees 95, Michaeli 95) reveals the total shrinkage of 
PP could take several days due to the low thermal conductivity of the polymer itself. 
The measurements were only taken over the period of one hour. Therefore these tests 
cannot conclude which part would incur the greatest shrinkage over a longer period of 
time. 
Since only post moulding shrinkage was analysed, a possible reason for the 
ABS part produced by the aluminium tool exhibiting virtually no shrinkage may have 
been due to the majority of the shrinkage occurring prior to the mould being opened 
and the part removed. 
4.5 Review 
Due to the unrefmed nature of the experimental design and the focus only on 
shrinkage that occurs after part removal from the mould, the results from these pilot 
tests were viewed as fairly unreliable and no conclusions could be drawn from them. 
However, although the tests provided no data with regard to the total amount 
of shrinkage incurred by PP & ABS parts from SL & AL tools (the fmal part 
dimensions are not compared to the mould cavity dimensions), both tests did indicate 
different shrinkages that occur according to whether an SL or AL mould was used. 
In order to generate conclusive experimental data that could be used for the 
analysis of the complete shrinkage characteristics, comprehensive tests needed to be 
performed to establish the entire shrinkage incurred throughout the whole injection 
moulding cycle. These investigations are detailed in Chapter 5. 
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Chapter 5 
Further Work to Establish Part 
Shrinkage in Stereolithography 
Injection Mould Tooling. 
5.1 Aims 
The aims of this section of work were to establish the amount of part 
shrinkage incurred by two polymers of different characteristics when injection 
moulded in tooling cavities with very different thermal properties. It was hoped that 
the results would enable further analysis to understand the mechanisms involved on a 
macromolecular level. Further to this, it was hoped this information would aid in 
developing a modification of the tooling/process method which would allow control 
over the factors that influence a moulded parts morphology and hence its shrinkage. 
5.2 Experimental Design 
The aim of the experiments was to establish the shrinkage that occurs within 
48 hours of the moulding of two polymers of very different characteristics (Polyamide 
66 [PA66, crystalline in morphological structure] and Acrylonitrile-Butadiene-Styrene 
[ABS, totally amorphous in morphological structure]) when produced by injection 
moulding in cavities of differing materials (Stereolithography [SL] and Aluminium 
[AL]). This would be by a direct comparison of the dimensions of the moulding cavity 
and the moulded parts. 
Polypropylene (used in the experiments in 4.4) is also a crystalline material 
but was not be used again due to the possible complications caused by its very slow 
rate of shrinkage, as discussed in section 4.4.3. 
Polyamide 66 (PA66) was chosen to represent a crystalline polymer in the 
experiments. This nylon is a widely used polymer in many plastic products. Unlike 
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polypropylene, it does not incur slow shrinkage (Michaeli 95). It has excellent flow 
characteristics that allow easy penetration in cold moulds without high injection 
pressure and temperature (Rosato & Rosato 95). P A66 is also particularly interesting 
from an experimental point of view as it possesses the highest shrinkage of all the 
types of nylon (Rosato 93) and its resulting part characteristics are especially sensitive 
to the temperature conditions during moulding (Brydson 99, Saechtling 95). 
Aluminium was chosen as the metal mould material with which to compare 
SL moulds. An AL mould represented a closely competing commercial tooling 
technique as it can be machined at high cutting speeds and feed rates. It also provided 
a tool ofhighly contrasting thermal characteristics to the SL epoxy tool. 
Besides the choice of thermoplastic polymer and tool material the shrinkage of 
an injection moulded part can also be dependent upon several process variables. These 
include the type and size of moulding machine, the thickness of the moulded sections, 
the degree and direction of flow or movement of material in the mould, the size of the 
nozzle, sprue, runner and gate, the cycle on which the machine is operated, the 
temperature of the mould, and the length of time that follow-up pressure is 
maintained. 
However the only variables in the two experimental sets (P A66 & ABS) were 
the tool material type (SL & AL) and tool cavity geometry (bar & disc - these were 
used to identify different types of shrinkage and are further explained in section 5.4). 
With respect to the injection moulding to be conducted, the only influential variable in 
each experimental set were the thermal properties of the SL and AL moulding 
cavities. This dictates the rate at which the heat from the injected polymer will be 
conducted away from the moulded part through the cavity material. The value of 
thermal conductivity of the mould materials differ greatly: These are shown in Table 
5-1. 
Tool material SL AL 
Thermal Conductivity, K (W/m-K) .2 200 
Table 5-1 Thermal conductivity oftool materials 
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All other possible variables were set, unaltered and were within control, 
allowing for a design of experiments analysis, i.e. the experiments consisted of 
purposeful changes of the inputs/factors (two tool material types [SL & AL] & two 
tool cavity geometries [bar & disc shaped]) to a process (injection moulding) in order 
to observe the corresponding changes in the outputs (part shrinkage) (Schmidt & 
Launsby 94). 
The experiments consisted of two experimental sets (two polymer types) with 
four variables in each (two cavity materials, two cavity geometries). This equated to 
eight experimental sets, as shown in Figure 5-1. 
I Injection moulding I 
/ ~ 
PA66 (crystalline material) ABS (amorphous material) 
~ , 
SL cavity AL cavity SL cavity AL cavity 
K=0.2W/m-K K=0.2W/m-K K=0.2W/m-K K=0.2W/m-K 
~ 
' ' 
Bar Disc Bar Disc Bar Disc Bar Disc 
shape shape shape shape shape shape shape shape 
cavity cavity cavity cavity cavity cavity cavity cavity 
Figure 5-1 Experimental sets and variables 
5.3 Experimental Methodology 
The experimental methodology was based upon BS EN ISO 294 - 1 & 4 (BS 98 
[a] & BS 98 [b]) and ASTM D955 (ASTM 96) standards for establishing shrinkage of 
injection moulded polymers. The BS standards provide great detail for the whole 
process but the gating arrangements specified for the test pieces are unsuited to SL 
injection mould tooling. SL tooling would be unable to withstand the heat and 
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pressure in such a gating system due to its low strength as compared to the traditional 
metal tooling materials. The cavity arrangement in the ASTM standard was feasible 
but it lacks the depth of process details contained in the BS standard. Therefore the 
methodology used to evaluate the total part shrinkage was based upon an 
amalgamation of these two standards. 
5.4 Mould Design 
As mentioned in section 5.2, some of the mould design factors can influence 
the amount of shrinkage. Therefore for the experiments to assess the effect of the heat 
transfer properties of the tool material type on the mouldings, all other influential 
design factors had to remain constant in all the experiments conducted. The same 
design parameters were used in all the experimental variations except those that relate 
to the part volume difference between the bar and disc geometries. The information in 
this section describes the mould design factors used. 
Specimens of two geometrical varieties were moulded in order to provide 
shrinkage measurements both parallel and perpendicular to the direction of polymer 
flow. 
For shrinkage parallel to flow, a bar shaped cavity was used with dimensions 
12.7mm by 127mm, with a wall thickness of 3.2mm. This cavity was gated at one 
end, measuring 6.4mm in width and 3.2mm in depth. 
For diametric shrinkage, where shrinkage was measured in the opposite 
direction to flow, the mould consisted of a disk shaped cavity I 02mm in diameter by 
3.2mm in thickness with a gate, placed radially at the edge, 12.7mm in width by 
3.2mm in depth. 
The draft angle used to ease part removal from the mould was 1.5°. This value 
has previously been shown to be an optimum value for reducing potential damage to 
SL tools upon part ejection (Harris et al. 02 [b]). 
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An open gate design was used on both moulds to avoid areas of heat and 
pressure concentration (such as with fan gating) that can. damage an SL tool. This 
gating system was employed to ensure no great pressure differences in the mould that 
may have led to unequal stresses in the part and also prevents an interruption to fo llow 
up pressure caused by premature freeze-off of the gate. The depth of the gate was the 
same as the cross-sectional thickness of the part (3.2mm in both disc & bar ) . The 
width of the gate size is proportional to the cavity size in each case. 
Dimensioned drawings of the mould designs can be found in Appendix Jl . 
Illustrations of the mould inserts can be viewed in Figure 5-2. 
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Figure 5-2 CAD images of tbe mould cavity designs 
Figure 5-2 shows a mistake in the tool design that would have produced an 
error in the experiments. The design includes ho les where steel ejector pins would be 
placed. As can be seen in Table 5-2 steel is of a much greater thermal conductivity 
than SL and considerably less than AL. 
SL Steel AL 
Thermal conductivity, K (W/m-K) 0.2 40 200 
Table S-2 Comparative thermal conductivity of materials 
57 
The inc lusion of these steel ejector pins would have provided an area in the 
moulding cavity which would have cooled the po lymer at a different rate than other 
areas in the mouJd due the different rates of heat transfer in the immed iate areas. This 
would not have enabled the experiment to assess the complete e fTects of the heat 
transfer provided by L or AL moulds on part shrinkage. Such effects in the L 
mould are illustrated in Figure 5-3. 
Steel sprue bush. K=40 W/m-K 
Sprue 
Gauge length +---- ---i 
Moulding 
Tool parting line +-----~ 
Steel ejector pin, K=40 W/m-K 
Epoxy SL 
mould, K=0.2 
W/m-K 
Steel ejector pin, K=40 W/m-K 
D Slow cooling, where in contact with SL epoxy 
D Faster cooling, where in contact with steel 
Figure 5-3 C ross sectional side view illustration of different beat transfer in early 
L mould design. 
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From Figure 5-3 it can be seen that there are three areas in the mould where 
the moulding would be in contact with steel. I lowever, the area around the sprue 
(where the moulding materia l enters the mould) is outside the gauge length and would 
have no influe nce over the area to be measured to assess shrinkage. This is not the 
case fo r the ejector pins which are situated in a critica l area. The opposite effects 
wou ld be apparent in the AL moulds stee l is a s l.ower conductor ofheat than AL. 
Therefore the steel ejector pins needed to be e liminated from the des ign to 
a llow the gauge length area of the mould to consist of one singular materia l, either SL 
or AL. However, the e limination of the ejector system caused no problems as the 
moulded parts are very simple and are easily removed by hand from the mould. 
The m.ould inserts had a lready been bu ilt by the time these design errors were 
spotted so plugs were made from the re levant materia l and used to fill the ho les 
created for the ejector pins. These are shown in the Figure 5-4. 
Figure 5-4 Disc geometry mould inserts with plugs inserted to fill previous ejector 
pin holes (better visibility in SL example, same positioning in AL mould) 
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The inserts were contained within a stee l bo lster for moulding. These bolsters 
facilitated aLig nment on the machine platen, provided material entry into the mould 
via a tapered sprue bush and protected the inserts from any excessive application of 
pressure. The bo lster arrangement is shown in Figure 5-5. 
Figure 5-5 lnserts mounted in bolster (a luminium bar shown) 
5.5 Tool Temperature Recording 
As previously ment ioned, there is a great disparity in the therma l conductivity 
of the mould materials used (AL & SL). However, it was necessary to verify the 
difference to be able to validate any link between the experimental variables (heat 
transfer) and the resulting part cond ition (shrinkage). The temperature of the cavity 
surfaces during mould ing was recorded in o rder to establish the therma l history of the 
moulded parts due to the thermal characteristics of the mould. 
5.5.1 Probe position 
In order to establish the heat transfer characteris tics occurring in each of the 
moulds, the temperature was recorded throughout the moulding cycle by the insertion 
of k-type thermocouples. The thermocouples were inserted in three positions in each 
of the cavity geometries used (bar & disc). Two were distributed evenly alo ng the 
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gauge length of the moving s ide and one in the centre of the gauge length on the non-
moving side of the mould. This is illustrated in Figure 5-6 & Figure 5-7 (the examples 
show the AL moulds but the positions are the same in the SL moulds). 
Figure 5-6 Thermocouple positions in bar mould 
Figure 5-7 Thermocouple positions in disc mould 
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The tip of the thermocouple was situated such that it was located 0.5mm 
below the surface of the moulding face. The thermocouple was inserted ·from the rear 
of the mould insert through a I mm drilled hole. The wire of the thermocouple was 
secured at several points a long the hole. The end po int of the hole was created using a 
ball nosed cutter similar in profile to the welded tip of the thermocouple. This was 
created to ensure a good contact between the two surfaces without requiring any 
adhesives. It was thought that the use of any adhesives could create an inaccuracy in 
the recorded temperatures values due to the adhesive not having the same heat transfer 
characterist ics as the mould materia l. The affixing of the thermocouples in the cavity 
inserts is illustrated in Figure 5-8. 
Thermocouple 
wires 
Securing g lue 
Welded tip of 
lltermocoupl c 
Figure S-8 Cross sectional view of thermocouple insertion 
Inserting the thermocouple firmly into the hole and securing with glue around 
the wire lengths enabled recordings to be taken without any signal disruption due to 
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vibration !Tom the injection moulding mac hine. Calibrat ion of this equipment ts 
discussed in the fo llowing sub-section. 
5.5.2 Calibration 
The tool temperature recording system was calibrated in order to veri fy that 
the recorded va lue fro m the thermocouple was an accurate reflection of the 
temperature condition at the mould cavity surface. This invo lved each of the 
thermocouples being calibrated prior to insertion in the mould. Then after insertion in 
the mould, a known temperature was applied to each o f the probe positions on the 
mould cavity surface and a comparison of the recorded temperature from each probe 
and the actual mould cavity surface temperature was made. 
Each thermocouple was ca librated prior to insert ion by placing the 
thermocouple tip in boiling water and frozen water under normal conditions (i.e. 
ambient pressure of 1 bar and no additives to 1-h O). The respective va lues for a ll 
thermocouples used was 1 00°C and 0°C. 
After insertion of the thermocouples into the mould an external heat source 
was applied by a hot a ir gun that was measured to provide a temperature of 70°C 
5mm from the tip of the nozzle. With this heat source applied to each probe position. 
the temperature was viewed via a dig ita l readout that was connected to the respecti ve 
thermocouple. With the heat source removed the actual surface temperature was then 
measured with a touch temperature probe. These two temperature readings were 
compared to their simultaneous values and their response to the beat removal with 
respect to their decent in temperature. These results are illustrated in Figure 5-9. 
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Temperature sensing calibration of Aluminium 
mould 
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Please note that these graphs are to illustrate the difference between the two 
temperature measurements in each mould, they are not for comparison with 
one another hence the different scales used. The 2 graphs show a different 
maximum temperature and a very different rate of descent, this will be 
discussed in section 5.5.4, Tool temperature results. 
Temperature sensing calibration of 
Stereolithography mould 
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Figure 5-9 Temperature sensing calibration results 
fn both cases the graphs show that the difference between the temperatures 
measured by the thermocouple and the actua l surface temperature was never greater 
than +/- 1 °C. 
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5.5.3 Data acquisition 
The purpose of the thermocouples was to provide a record of the temperature 
conditions within the mould during the injection cycle. This was performed by a data 
acquisition set-up tbat monitored and recorded the temperatures over a period of t ime. 
The readings were taken from the three thermocouples in each mould, these 
readings were converted to digital signals and, using a developed so'ftware 
programme, then filtered and sampled at linear intervals to provide a temperature 
history profile of the moulding conditions. An overview of tbis set up is illustrated 
Figure 5-10. 
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Figure 5-10 Overview of data acquisition set up 
Measurement: Thermocouples 
The thermocouples used were PTFE Insulated, k-type thermocouples with a 
welded tip, supplied by RS Components Limited. The measurement range for these 
thermocouples is -50 to +250°C. 
Acquisition & Interpretation: instruNet 
The instruNet system received the analogue voltage signals from the 
thermocouples. The instruNet hardware contains eight groups of input channels, each 
of these consist of four separate terminals. The connection of each thermocouple to 
the instruNet hardware is illustrated in Figure 5-1 I . The vo ltage potential difference 
between the two ends of each thermocouple was interpretated as a temperature by the 
instruNet World software. 
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Voltage 0 out 
-Voltage - 0 10 
Thermocouple 
Voltage+ 0 10 
Gnd 0 + 
Figure 5-11 chernatic of thermocouple connection to instruNet hardware 
terminals 
The instruNet World software reads from each thermocouple a temperature in 
°C via the paralle l port connecting the personal computer to the instruNet device. A 
sample view of the software interface is shown in Figure 5-1 2. 
~ msh uNe l World ~~~~~ £i 
Ch1 Vin+ 1~1/1 
Ch4 Vin+ 1/ 1/ 1 
Ch7 Vi n+---rl/ 1/ 1 
Ch10 Vin+ 1/ 1/ 1 
Ch13 Vin+ 1/ 1/ 1 
Ch16 Vin+ 1/ 1/ 1 
Ch 19 Vin+ 1/ 1/ 1 
Ch22 Vin+ 1/ 1/ 1 
Ch2 Vin- 1/ 1/ 1 
ChS Vin- 1/ 1/ 1 
Ch8 Vin- 1/ 1/ 1 
Chll Yl.n- l/l/1 
ChH V1n-
Ch17 V1n-
Ch 20 Vin-
Ch 2J Vin-
Ch3 Vout 
Ch6 Vou t 
Ch 1B Vout 
Ch21 Vout 
.jj,@fiW( Record /( Test /( BASIC / 
Pass 
Gnd Off 
Gnd off 
- Gnd Off 
- Gnd Off 
- Gnd Off 
- Gnd Off 
- Gnd Off 
- Gnd Off 
- Gnd Off 
- Gnd ~Off 
- Gnd f f 
- Gnd f f 
~-- Gnd f f 
Figure 5-12 instruNct World software interface 
• 
The screen v1ew Ln Figure 5- 12 shows channels 1, 4 & 7 to be activated, 
sensor mode to be set fork-type thermocouple and the wiring set for Yin+ - Vin- to be 
used as the input ports, resulting in a temperature reading in °C. The now digital 
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readings of the current temperature state from each thermocouple were then 
communicated to the HP VEE software . 
Analysis: HP VEE software program 
HP VEE is a visual programming language fro m Hewlett Packard. Programs 
are created by the combinat ion of modules that perform a certain operat ion (e.g. read 
signals, set the frequency at which the signal is read, etc). When linked together in a 
c ircuit board fashion the modules combine in a sequence to perform the objective ( i.e. 
record the thermal conditions in the mould during a given time) . The program layout 
used in this work is shown in Figure 5- 13. 
Figure 5-13 BP VEE program 
rn Figure 5-1 3 major areas of the program are surrounded by a colour coded 
box area. Each of these areas is explained in the following: 
Red Area - This part of the program determines how often the signa ls from the 
thermocouples were read. The program was set to check the temperature of the mould 
over a 10 minute period. Unfortunately HP VEE does not allow ignal acquisition at a 
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set ti me intervals, e.g. every mill isecond o nly at a given freque ncy. It was set to 
sample at a fi:equency of I OOOHz. Sampling at this frequency equates to 8824 samples 
over a time period of l 0 minutes. Therefore the sampling interval was - 15 
samples/sec. 
m:.>1.'11 rea - Trus is the part of the program that determines the source of the signals. 
In this case it was the channel inputs fro m the instruNet hardware. Cha nnels 1, 4 & 7 
refer to the first three input terminal groups on the Model 100 device. 
Blue Area - T his part of the program concerns the interpretation of some of the data 
fo r the program interface, as shown .in Figure 5-14. The modules used for th is purpose 
inc luded: 
• A d isplay of rea l time temperature profile 
• Monitoring of the maximum temperature experienced by each thermocouple 
• Recording temperatw·e experienced throughout the program sequence 
\ - Trus part of the program determines the location where the recorded 
data from each thermocouple should be sent after the complet ion of the program cycle 
(i.e. a named fo lder on the hard drive). T his recorded data was later used to generate 
the complete temperature history profi les. 
The program layout can be hidden and presented in an interface tha t still 
allows a lteration of variables and visua lisation of the operation and results in a user-
fr iendly interface. T his is shown in Figure 5-14. 
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Figure 5-14 HP VEE user interface 
rn Figure 5- I 4 the top left area of the display shows the number of cycles for 
which the program is set to run. Below this is a ·max total' box which displays the 
highest individual temperature experienced by the thermocouples at the end of the 
program cycle. The 'counter' box in the bottom left displays the current cycle count 
whilst the program is run. The three centra l areas ofthe interface display a plot of the 
current temperature reading from each channel against the current cycle count, whilst 
the program was run. The three sets ofboxes on the right accompany each of the three 
channel read ing displays. The top box (Temp X) displays the current temperature 
reading from each channel as the program is run. The box below (max X) displays the 
maximum temperature experienced by each thermocouple at the end of the program 
cycle. 
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5.5.4 Tool temperature results 
Firstly, the relationships between the three temperature readings from each 
mould will be examined. The fo ur different cases (AL bar, AL disc, SL bar & SL 
disc) are illustrated in Figure 5-1 5, Figure 5-16, Figure 5-1 7 & Figure 5- 18, fo llowed 
by a discussion of the observations from these. 
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Figure 5-15 Temperatu re readings from AL bar mould 
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Figure 5-16 Temperature readings for AL disc mould 
Temperature readings from SL bar mould 
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Figure 5-17 Temperature readings for SL bar mould 
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Figure 5-18 Temperature readings from SL disc mould 
Observations from the thermal hist01y profiles 
• Each of the temperature profi les showed a consistent start temperature of 
- 23.5°C. The temperature ofthe environment in which the injection moulding 
macbjne was situated was - l8°C. The greater ambient temperature of the 
mould was caused by a combination of the closed cabinet (completely 
enclosed safety guarding) and heat from the machine' s hydraulic clamping 
unit where the oil was maintained at a constant temperature. 
• Close observat ion of the peak temperatures in each case shows that s light ly 
higher temperatures are experienced by the probes closest to the gate where 
material enters the mould . This is probably due to their s lightly longer period 
of exposure to the bot polymer melt due to the manner in which the mould 
tills. 
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• The SL moulds demonstrate a sudden drop after their temperature peak, at 
- 48-52 seconds. This was the time of moul.d opening when the heat in the 
mould suddenly finds another route to dissipate itse lf into the air. No such 
characterist ic was displayed in the AL moulds as the temperature peaks after 
only 2.8 seconds and nearly a ll activity had ceased by 48-52 seconds. (The 
complete moulding cycle will be expla ined in section 5.6.3) 
• There was very little difference in tempera ture profile recorded by each 
thermocouple for the circ le and bar moulds in both cases (AL & SL). 
The last observation po int is of importance. In the different mould geometr ies 
(circ le & bar) each of the three thermoco uples measure a very similar temperature 
profile, i.e. a lmost exactly the same tempe ratures were experienced in the c ircle and 
bar mould geometries, in each material case (AL & SL). 
The consistency between the group readings can be viewed in Figure 5-1 9. All 
the readings are shown along with a plo t o f their average. The s imilarity be tween the 
group readings is quantified by the use of error bars plotted around the average which 
indicate the possible range for a potential error of +/- 5%. All readings fe ll within 
these limits. 
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Figure 5-19 Consistency in tool temperature readings. 
The similarity between the readings allowed an average plot to be generated 
that represents the temperature profile fo r each too l material type (AL & SL). This ts 
shown in Figure 5-20. 
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Figure 5-20 Average tempera ture profiles for AL & L moulds 
The profi les shown in Figure 5-20 illustrate the vastly different temperature 
conditions experienced in the SL and AL moulds. The temperature act ivity in the AL 
moulds occurred in a very short period of time due to the materia ls high thermal 
conductivity. The temperature profi le in the SL was more extreme and protracted, 
without external assistance (i.e. cooling by compressed air) the SL mould would take 
15 minutes to return to its ambient temperature. 
The information gained from these experiments was used in following 
experimental work, providing a direct quantitative link between mould temperature 
conditions and characteristics of the moulded part. 
5.6 Injection Moulding 
It was briefly mentioned in section 5.2 that the injection moulding parameters 
used can be highly influentia l on part shrinkage. uch factors include injection 
pressures mould & polymer me lt temperatures etc (Bryce 97). 
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These experiments assessed the effects of the different cooling rates caused by 
heal transfer characteristics of the different mould materials (AL & SL). Al l process 
variables that could influe nce shrinkage had to be constant in order to assess the so le 
effect ofthe differing too l materia l types on shrinkage. 
The fo llowing sections describe the injection moulding parameters used. In 
order to eliminate extra experimental variables, it was important to fmd uni versa l 
parameter va lues that would work with both the polymers both the mould geometries 
and both mould material types. Other than to compensate for the different part 
vo lumes of the bar & disc geometries, the parameters were identical in a ll the 
experiments conducted. 
5.6.1 Material preparation 
The PA66 used was Bergamid A70NAT produced by PolyO ne. The ABS used 
was Lustran Ultra 2373 produced by Bayer. 
Both po lymers were hygroscopic ( they a bsorb mo isture) and needed to be 
dried prior to processing. Use w ithout drying could lead to pro ble ms during me lt 
processing, e.g. bubbles, voids etc. 
Small a mounts of the plastic were dried by spreading the pellets on a shal low 
tray a long with bags of dessicant crysta ls and heated for several hours in an oven. 
Temperatures and duration are shown in Table 5-3. 
ABS 2 - 3 hours @ 77 - 88°C 
PA66 3- 4 hours @ 60- 71°C 
Table 5-3 Drying times & temperatures (Rees 95) 
These requirements are very s imilar so for consistency both polymers were 
dried for 4 ho urs @ 80°C. These pel lets were processed immediately after removal 
from the oven. 
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5.6.2 Moulding apparatus 
The injection moulding machine used was a Battenfeld 600/125 CDC model 
with a Unilog 4000 contro l unit. This machine consisted of a 60 tonne hydraulic 
c lamping unit and a 125xJ5mm rec iprocating screw injection unit with a conventiona l 
tapered nozzle. 
The important specifications of this machine are shown in Table 5-4. 
Max imum theoretical clamping force (kN) 600 
Tie bar spacing (mm) 270 X 270 
Minimum clearance between platens (mm) 150 
Maximum c learance between platens (mm) 575 
Maximum theoretical sho t vo lume (crn3) 11 5 
Maximum theoretica l injection pressure (bar) 1096 
Table S-4 Boundary specifications of Battenfeld 600/125 CDC injection moulding 
machine 
• The maximum theoretical clamping pressure refers to the amount of pressure 
that can be app lied to the mould to oppose the pressure during melt injection 
and ensure the mould remains closed. The va lue is theoretical as there will 
always be s light pressure loss in the hydraulic lines. 
• The tie bar spacing dictates the maximum width of the mou ld/bolster that can 
be mounted on the platen. The tie bars provide guidance to the clamping 
system that allows the moving platen to join and a lign with the stationary 
platen. 
• The maximum clearance between the platens is the furthest distance the 
moving platen wi ll retract from the stationary platen. This dictates the 
maximum mould height that could be used with the machine. 
• The minimum clearance between the platens is the smallest distance the 
moving platen will approach the stationary platen. This dictates the minimum 
mould height that could be used with the machine. 
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• The maximum theoretica l injection pressure is the maximum pressure that the 
injection unit could apply to the polymer melt. The value is theoretica l as there 
will a lways be slight pressure loss in the hydrau lic lines. 
5.6.3 Moulding process 
T he mou lding process and the parameter values are discussed in the fo llowing 
sub-sections. First the injecti.on process will be described followed by the damping 
process. 
Injection 
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melt 
2700C feed throat 
c:::-~J--~ 
-i !-cushion i I ! 
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! !+-- part volume 
screw 
Figure 5-21 Injection process prior to mould filling 
• The melt temperature for both materia ls was 270°C. The heating of the nozzle 
and barrel was by four separate heater bands which allows for different 
temperature zones if required. The temperature was set at 270°C for each of 
these zones. 
• The cushion provides a volume of polymer melt which further pressure can be 
exerted upon after mould fill ing to provide the fo llow-up pressure to ensure 
complete fi ll ing of the mould as illustrated in Figure 5-2 1 & Figure 5-22. The 
length of cushion used was I OOmm. 
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• The amount of plastic for part volume was dictated by the size of the part 
required plus runners & sprue etc. The position and diameter of the screw 
dictated the amount of plastic that was injected in one shot. With a 35mm 
diameter screw, the position was set at I OOmm + cushion length to produce the 
9.5cm3 shot volume required for the bar geometry, and 350mm + cushion 
length to produce the 32.5cm3 shot volume required for the disc geometry. 
These lengths were measured as the distance of the screw tip from the barre l 
aperture. 
1 00 mm ci cushion, ~· 
follow up pressure . 
of t 50 bar held for 3 
1
1 
seconds jot- Part vol.wne injected 
· at50rnrn/second, 
using a pressure ci 
150 bar 
Figure 5-22 Injection process after mould filling 
• The injection speed used was I OOmrn/second. 
• The injection pressure was 150 bar. 
• Upon mould fi ll ing a follow-up pressure of 150 bar was held for 1.5 seconds. 
As mentioned previously the same injection speed and pressures were used for 
the two mould geometry types (bar & disc). Since they were of different vo lumes they 
resulted in different total injection cycle times. The tota l injection cycle times for the 
mould geometry times are shown Figure 5-23. 
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Figure 5-23 Total injection cycle times for mould geometries 
Clamping 
• The ambient temperature of the mould prior to injection was 23°C +/- 5°C, the 
same temperature in which the mould was measured. 
• The cooling period (time period between the end of the injection cycle and 
mould opening) was determined by the time required to a llow the parts to 
so lidify prior to removal from the mould. This va lue was dictated by the time 
required for parts from the SL moulds as these cooled much more slowly than 
the parts from the AL mould. A cooling time of 40 seconds was determined 
for the experiments by repeated trials, this was the time where the parts from 
the L mould could withstand removal without any deformation. Deformation 
of a part was establi shed by its flatness. The flatness was determined by fixing 
the part to a surface plate and measuring profile variations with a dia l test 
indicator attached to a stand with a flat base. 
• In injection moulding, the clamping pressure must be greater than the 
maximum injection force experienced to ensure the mould remains closed. The 
calculation of clamping force is by: 
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Minimum clamping force = Projected part area x Plastic pressure in cavity 
(Rosato & Rosato 95) 
where: 
• Projected part area = Bar 18.369cm2 , Disc 89.397cm2. 
• Plastic pressure in cavity = 150 bar (152.957 Kg/cm2) . The process parameter 
of maximum injection pressure was set at 150 bar. Therefore no greater 
pressure than 150 bar would be experienced in the cavity. These experiments 
were not concerned with economics (i.e. using the minimal clamping pressure 
possible), only that the clamping pressure exceeded the injection pressure to 
ensure complete mould closure, so it was not necessary to know the exact 
cavity pressure. 
Minimum clamping force for Bar = l8.369cm2 x 152.957 Kg/cm2 
= 2809.667 Kg 
= 2.81 metric tonnes 
Minjmum clamping force for Qjsc = 89.397cm2 x 152.957 Kg/cm2 
= 13673.897 Kg 
= 13.674 metric tonnes 
Therefore a universal minimum clamping force requirement for both mould 
geometry types was 13.7 tonnes. The addition of a I 0% safety factor resulted in a 
clamping force of 15 tonnes used in all experiments. 
5.7 Measurement of Moulds & Parts 
As mentioned in section 5.3 the methodology used for the measurement was 
based upon BS EN ISO 294 - I & 4 and ASTM D955 standards for establishing 
shrinkage of injection moulded polymers. BS EN ISO 29 1 (BS 97) was used as a 
standard for the environment in which the parts were conditioned and measured after 
moulding. 
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5.7.1 Measurement apparatus 
In accordance with the standards, a measuring tool (vernier ca liper) accurate to 
0.02mm was used fo r measurement of the moulds and the test specimens. 
5.7.2 Measurement conditions 
After moulding, specimens were conditioned for 48 hours and measured in a 
laboratory atmosphere of23 +/- 5°C and 50 +/- 5% relative humidity. 
5.7.3 Measurement procedure 
Prior to injection moulding, the mould cavity and later the moulded specimens 
were measured in the laboratory atmosphere to the nearest 0.01 mm. Twenty parts 
were moulded from each experimental set and measurements made of each. In order 
to maintain a level of consistency in the number of measurements taken from each 
point of refere nce, every mould cavity was also measured twenty times. 
The measurements taken fro m the spectmens were compared to the 
measurements of the cavities (in the same conditions described in section 5.7.2) and 
expressed as a percentage difference after compensation for therma l expansion of the 
moulding cavity (calculation and correction for thermal expansion is covered in 
section 5. 8) and the parts in each experimental set. 
The parts and cavities were measured across their gauge length. The bar 
moulds were measured in the same direction as the material flow during injection 
moulding, and the disc moulds were measured in the opposite direction to material 
flow to establish any shrinkage differences according to material flow direct ion. 
Since the gate for the bar mould was centrally placed at the top of the gauge 
length, two measurements were taken either side of the gate for each part and the 
cavity. Gauge length measurement for both part & mould geometries are illustrated in 
Figure 5-24. 
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Disc Bar 
Figure 5-24 Measurement positions for disc & bar geometries 
5. 7.4 Measurement results 
The shrinkage measurement results can be seen in Table 5-5, Table 5-6 & 
Table 5-7 accompanied by the calculation of their average, maximum & minimum 
values. Simple statistica l analysis is provided by the eva luation of standard deviation. 
Standard deviation measures how widely the values are dispersed fro m their average 
value. It is calcu lated by: 
where: 
n = number of measurements 
x = measurement value 
n L:>·2 -(:Lx)2 
n(n - 1) 
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Mould measurement 
Measurement no. ALbar SL bar AL disc SLdisc 
1 126.92 126.93 126.84 126.83 101.83 101.68 
2 126.93 126.92 126.84 126.83 101.82 101.69 
3 126.94 126.93 126.84 126.84 101.82 101.69 
4 126.94 126.92 126.84 126.84 101.84 101.68 
5 126.94 126.92 126.84 126.85 101.83 101.68 
6 126.95 126.92 126.85 126.85 101.83 101.67 
7 126.93 126.93 126.85 126.84 101.83 101.69 
8 126.93 126.92 126.86 126.85 101.82 101.68 
9 126.93 126.92 126.84 126.86 101.83 101.68 
10 126.93 126.92 126.86 126.84 101.84 101.66 
ll 126.92 126.92 126.83 126.85 101.83 101.69 
12 126.93 126.93 126.83 126.85 101.82 101.68 
l3 126.92 126.94 126.84 126.86 101.83 101.68 
14 126.92 126.94 126.84 126.85 101.83 101.67 
15 126.92 126.94 126.85 126.86 101.83 101.68 
16 126.93 126.95 126.84 126.84 101.84 101.69 
17 126.92 126.93 126.84 126.84 101.82 101.68 
18 126.93 126.93 126.85 126.84 101.83 101.68 
19 126.92 126.93 126.86 126.84 101.83 101.68 
20 126.92 126.93 126.84 126.84 101.83 101.68 
average 126.929 126.845 101.829 101.681 
max 126.95 126.86 101.84 101.69 
m in 126.92 126.83 101.82 101.66 
range 0.03 0.03 0.02 0.03 
st.dev. 0.00864 0.00876 0.00641 0.00759 
Table 5-5 Mould measurement results 
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PA66 Part measurement 
Part no. ALbar SL bar ALdisc SL disc 
I 125.39 125.43 123.68 123.68 100.48 99.21 
2 125.41 125.43 123.75 123.72 100.58 99.28 
3 125.4 125.4 123.64 123.64 100.49 98.97 
4 125.41 125.34 123.63 123.65 100.38 99.29 
5 125.36 125.33 123.68 123.64 100.6 99.31 
6 125.38 125.41 123.53 123.5 100.71 99.19 
7 125.34 125.37 123.51 123.43 100.72 99.23 
8 125.31 125.35 123.46 123.46 100.65 99.09 
9 125.26 125.31 123.48 123.45 100.62 99.25 
10 125.22 125.27 123.49 123.46 100.71 99.17 
11 125.07 125.06 123.5 123.5 100.7 99.32 
12 125.15 125.18 123.47 123.48 100.58 99.18 
13 125.1 125.14 123.52 123.5 100.65 99.31 
14 125.16 125.18 123.45 123.47 100.52 99.15 
15 125.15 125.16 123.64 123.59 100.59 99.31 
16 125.19 125.18 123.44 123.44 100.57 99.21 
17 125.15 125.18 123.48 123.46 100.51 99.29 
18 125.09 125.12 123.45 123.51 100.64 99.29 
19 125.06 125.11 123.52 123.44 100.58 99.15 
20 125.13 125.1 123.49 123.48 100.5 99.3 
average 125.245 123.533 100.589 99.225 
rnax 125.43 123.75 100.72 99.32 
m in 125.06 123.43 100.38 98.97 
range 0.37 0.32 0.34 0.35 
st.dev. 0.12374 0.09146 0.09026 0.09 
Table 5-6 PA66 part measurement results 
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ABS Part measurement 
Part no. ALbar SL bar ALdisc SL disc 
1 126.01 125.99 125.9 126.08 101.1 101.05 
2 126 126.01 126.05 126.08 100.99 101.11 
3 125.99 125.99 125.95 125.98 101.18 101.12 
4 125.97 126 125.99 125.97 101.09 101.09 
5 126.02 126.01 125.97 125.9 101.02 101.06 
6 125.99 125.99 126.08 126.04 101.14 101.03 
7 125.98 125.99 126.05 126.08 101.05 101.13 
8 125.96 125.96 125.97 125.91 101.03 101.14 
9 125.96 125.95 125.98 126.05 101.09 101.1 
10 125.97 125.95 126.08 126.06 101.02 101.11 
11 125.97 125.98 126.08 126.03 101.11 101.05 
12 125.97 125.97 126.03 125.96 101.11 101.15 
13 125.97 125.95 126.09 126.07 101.13 101.17 
14 125.97 126.01 126.03 126.02 101.07 101.11 
15 125.98 125.95 126.07 125.91 101.11 101.2 
16 125.98 125.97 126.08 126.01 101.02 101.09 
17 125.84 125.87 126.09 126.06 101.12 101.13 
18 125.99 125.97 126.08 126.05 101.05 101.1 
19 126.01 125.96 125.99 126.01 101.1 101.14 
20 126 125.96 126.06 126.05 101.08 101.12 
average 125.974 126.024 101.081 101.11 
max 126.02 126.09 101.18 101.2 
m in 125.84 125.9 100.99 101.03 
range 0.18 0.19 0.19 0.17 
st.dev. 0.03388 0.05713 0.0485 0.0418 
Table 5-7 ABS part measurement results 
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The average measured size difference between the respective part and mould 
was expressed as a% difference. These results are shown in Table 5-8. 
PA66 Part measurement ABS Part measurement 
Mould type ALbar SL bar AL disc SL disc ALbar SL bar ALdisc SL disc 
% 
part/mould -1.3272 -2.611 -1.2177 -2.4149 -0.7524 -0.6474 -0.7351 -0.5611 
difference 
Table 5-8 The percentage size difference of part/mould 
However, these figures need further consideration to establish the total 
shrinkage that occurs. This is explained in the following section. 
5.8 Compensation for Thermal Expansion - By Calculation 
Both of the mould materials used expand when heated, albeit in differing 
amounts. The measurements taken for shrinkage must be compensated for the amount 
of cavity expansion to establish the true amount of difference between mould and part 
measurements. The possible inaccuracies caused by not compensating for thermal 
expansion of the mould is illustrated in Figure 5-25. 
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l;allll 
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Perceived amount of shrinkage 
Mould cavity measured at 
12.5mm prior to moulding. 
Part measured at 12mm 
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due to processing heat. 
Part measured at 12mm 
Difference = 1 mm 
:. shrinkage = 7.69% 
Figure 5-25 Illustration of possible inaccuracies in the determination of part 
shrinkage by not accounting for mould expansion 
The expansion of the mould resulted in an expansion of the cavity, not 
contraction. This was verified by placing the mould inserts in an oven at a nominal 
temperature of 50°C for 10 minutes and then measuring lhe cavity in the appropriate 
measurement axis (see section 5.7.3). All moulds showed an increase in cavity s ize, 
demonstrating a n expansion of the cavity. T his was authenticated further in a later 
section (5.9). The value obtained for shrinkage had to be corrected to the 
measurement-temperature dimension of the mould. It was to be corrected, therefo re, 
by an amount corresponding to the thermal expansion of the mould. 
88 
This correction b.SM to the shrinkage is given by: 
where: 
(B EN rso 294- 4) 
am = linear coefficient of expansion of the mould material in I 0-6m/m/K 
T m= maximum mould temperature during injection cycle in °C 
Ta = ambient temperature of the mould on the machine in °C 
The values used are: 
am 
• SL = 59 x 1 0-6m/m/K 
• AL = 23.8 X 10-6rnlm/K 
(Machine Design 93) 
Ta 
• SL = 23.5°C 
• AL =23.5°C 
An explanation of these values is given in section 5.5.4. 
These values were derived from the thermal history profi les of the moulds and 
the injection parameters. The temperature at the end of the inject ion cycle was used in 
the calculations as this was the point at which pressure application to the injected 
polymer ceased. When pressure application ended, so did the period at which the 
shrinkage could be influenced. Any further expansion of the mould after th is per iod 
would be unable to affect the part size. The derivation of the va lues is illustrated in 
Figure 5-26. 
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SL & AL mould thermal history during injection cycle 
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Figure 5-26 Thermal conditions in the moulds during injection cycle 
The maximum temperature (T01) at the end of the injection cycle for each 
mould type were: 
• SL disc = 57.46°C 
• SL bar = 44.37°C 
• AL disc & bar = 30.39°C 
The same maximum temperature was experienced by both the aluminium 
moulds. This maximum temperature was reached before the end of the injection cycle. 
The temperature in the stereolithography moulds continued to rise fo r a long 
period after completion ofthe injection cycle. Different max imum temperatures were 
experienced in the SL disc & bar moulds due to the different times of the injection 
cycle required by their different part vo lume. 
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Therefore, the calculation for thermal expansion for each mould type was as 
follows: 
SL disc mould 
=59 X 10-6 (57.46- 23.5) 
= 2.00364 nun/m 
=0.200364% 
SL bar mould 
=59 X 10-6 (44.47- 23.5) 
= 1.23133 nun/m 
= 0.123133% 
AL disc & bar mould 
= 23.8 X 10-6 (30.39- 23.5) 
= 0.16422 nun/m 
=0.016422% 
The extra amount of shrinkage determined by calculating the expansion of the 
mould was incorporated into the percentage shrinkage of the measured parts to reveal 
the true total shrinkage. 
5.8.1 Results 
The shrinkage results, when taking account of mould expansion determined by 
calculation, are shown in Table 5-9. 
PA66 Part measurement ABS Part mel\surement 
Mould type ALbar SL bar ALdisc SL disc ALbar SL bar AL disc SL disc 
% part/mould 
difference in c. 
comp. for -1.3434 -2.7308 -1.2339 -2.6101 -0.7687 -0.7696 -0.7514 -0.7599 
therm. exp. by 
calculation 
. . . . Table 5-9 The percentage stze difference of part/mould, mcludmg compensatiOn 
for thermal expansion by calculation 
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However, these calculations were slightly simplified. An assumption was 
made that the whole mould was at the temperature determined by the data acquisition 
for tool temperatures. In reality the data acquisition only measured the temperature of 
the mould O.Smm from the surface in the immediate region of the cavity (see section 
5.5.1). 
The calculations assumed that the whole mould insert was subjected to the 
same temperature at any one point in time and as such, equal expansion was 
experienced throughout. In reality the increase in temperature was localised around 
the moulding cavity. Further work was required to prove whether any differing 
expansion of the mould cavity occurred due to areas of differing temperature and to 
assess any such effects on the compensation values used. 
5.9 Compensation for Thermal Expansion- by Finite Element 
Analysis 
Finite Element Analysis (PEA) was used to model the mould expansion due to 
the localised heating caused by the hot polymer contained within the cavity. PEA is a 
computer-based technique that can be used for determining the stresses and 
deflections in a structure under different conditions (e.g. load, thermal, etc ). The 
analysis consists of dividing a structure into a number of small elements ('finite 
elements') with defmed characteristics. Each element consists of a number of nodes 
and combine to form a mesh that represents the structure for analysis. These elements 
possess thermal or mechanical properties depending on their formulation. According 
to their formulation, the mesh responds to inputs in the form of matrix equations. The 
accumulative reactions of the mesh to the inputs model a prediction of the overall 
structure's response to the inputs. 
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The basics steps involved in FEA analysis are: 
• Provision of a model of the structure for analysis 
• Creation of a node mesh encompassing the 
structure 
• Defmition of material properties 
• Defmition of loads 
• Defmition of constraints 
• Assemble element relationship matrices 
• Solve system of equations 
• Calculate results 
• Review results 
• Present results 
Pre-processing stage 
Processing stage -
performed by 
software 
Post-processing 
stage 
The FEA software package used in this work was called Algor. Two forms of 
FEA analysis from Algor were used. Firstly a transient thermal analysis was 
conducted in order to determine the temperature distribution in the mould. Then a 
linear elastic analysis was performed using the temperature distribution results to 
determine the resulting expansion of the mould cavity. 
5.9.1 FEA modelling. Stage 1 - Creation of model 
The FEA work began with the creation of the required models and FEA mesh. 
In order to reduce solution time, approximately one quarter of the full mould was 
created, this was possible due to the quarterly symmetrical nature of each of the 
specimen's gauge length. This is shown in Figure 5-27. 
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Figure 5-27 FEA model section of bar & disc moulds 
The section of the mould concerned were generated in 2D and then extruded to 
develop a 3D brick element model. The model was extruded such that the mesh 
spacing between each node was 0.5mm in the immediate region beneath the moulding 
cavity (-4mm deep) as these are the elements of interest when evaluating the cavity 
expansion. This was conducted to ensure that a node was at the equivalent point to the 
thermocouple in the experiments, from which the critical time dependant temperatures 
were derived (see section 5.5.1). After this the mesh spacing for the rest of the model 
was -1 Omm in order to achieve a shorter analysis time. The 3D brick element models 
are shown in Figure 5-28 & Figure 5-29. 
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Figure 5-28 30 brick model of disc mould 
Figure 5-29 30 brick clement model of bar mould 
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5.9.2 FEA modelling. Stage 2 -Allocation of material properties 
The materials were assumed to be homogeneous and isotropic with constant 
material properties independent of temperature. The values are listed in Table 5-10, 
Table 5-11 & Table 5-12. 
Epoxy SI [N, mm, s] Reference source 
p 1250 kg/m' 1250 X w··· Ns./nun/mm' (Mat Web) 
K 0.19W/m°K 0.19x 10-j W/mm°K (Mat Web) 
Cv 1046.7 J/kg°C 1046.7 x 10' J/(Ns•°C/mm) (MatWeb) 
E 2.6 x IO'N/m" 2.6 x lOj N/mm" (Mat Web) 
u 0.35 0.35 (Mat Web) 
a 59 x w-ore 59 X 10-o/ °C (Machine Design 93) 
. . Table 5-10 Matenal values used ID FEA for Epoxy 
Aluminium SI [N, mm, s] Reference source 
p 2720kg/m' 2720 x 10·'" Ns•/nun/mmj (Munday 79) 
K 170W/m°K 170 x to·> W/mm°K (Munday79) 
Cv 880 J/kg°C 880 X 1 OJ J/(Ns" °C/mm) (Munday79) 
E 68.9 x 10'N/m• 68.9 x lOj N/mm• (Munday79) 
u 0.3 0.3 (Munday79) 
a 23 x w<>fc 23 X 10"<>/ °C (Munday79) 
Table 5-11 Material values used in FEA for Aluminium 
Polymer SI [N, mm, s] Reference source 
p 1145 kg/mj 1145 x 10·" Ns./nun/mmj (Mat Web) 
K 0.2962 W/m°K 0.2962 X to•J W/mm°K (Mat Web) 
Cp 1625.7 J/kg"C 1625.7 x 10' J/(Ns.°C/mm) (Mat Web) 
0.26x IO'N 
0.26 x I 03 N/mm2 (see note) E 
/m2(see note) (see note) 
u 0.35 0.35 (Mat Web) 
59 or 23 x 10· 
59 or 23 x 10-6/ °C (see note) (Machine Design 93 a 6fC (see note) or Munday 79) 
. . Table 5-12 Matenal values used ID FEA for Polymer 
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Where: 
Notes 
p =density 
K = thermal conductivity 
Cp = specific heat capacity 
E = modulus of elasticity 
u = poissons ratio 
a = thermal coefficient of expansion 
The value ofE for the polymer was a nominal low value to reduce restraint. The value 
of a in the polymer was made the same as the mould material to prevent interference. 
The use of such values in both cases was to ensure that the presence of the polymer 
did not influence the expansion of the cavity in the simulation. 
5.9.3 FEA modelling. Stage 3- Transient thermal analysis 
Transient thermal analysis refers to a thermal condition where a heat source is 
not constant, and drops as a result of it transferring its heat to other areas. This 
analysis type was relevant to the conditions that occurred within the moulds during 
the experiments. The heat was supplied by the injected polymer which transferred its 
energy (heat) into the surrounding mould material. This energy was not limitless and 
the polymer corresponded by reducing in temperature as the heat was transferred into 
the lower temperature mould. 
To conduct the transient thermal analysis, certain assumptions were made: 
• The polymer was all initially at 270"C and was in perfect contact with the 
mould at all times. 
• There was no thermal resistance between the plastic and the mould. 
• The mould material was all initially at 23.5"C (as ascertained in section 5.5.4) 
97 
The critical temperatures (as derived in section 5.8) at the positions equivalent 
to thermocouple placement in the experiments were plotted from the FEA results and 
the correct analysis step in the solution noted, as shown in Figure 5-30. The plot 
represents the temperature profile of a critical node. 
Notes 
Tune step 
of interest 
disc_totol_epoxy 
Analysis step 
Figure 5-30 Interpretation of thermal analysis FEA plots- SL disc 
The linear (straight line) beginning of the plot is due to the analysis beginning at 
23.5°C (ambient mould temperature) while the frrst output is at an analysis step of0.5. 
Thus we can see from the plot illustrated in Figure 5-30 that the model state at 
a critical temperature can be viewed at the corresponding step in the analysis. In the 
example shown this occurs at an analysis step of ~2.4 in the FEA model of the epoxy 
disc. From this transient thermal analysis it was possible to investigate the reaction of 
the model to a chosen condition at a pre-identified analysis step. 
98 
5.9.4 FEA modelling. Stage 4 - Linear elastic analysis 
The study of a structure by linear elastic analysis assumes that the material 
deforms elastically in a linear manner. The deformation can be the result of 
mechanical or thermal input. In this case the temperature variations throughout the 
material. 
The linear elastic analysis was performed using the temperature distribution 
found from the transient analysis. With respect to restraints, the models were fully 
restrained on the planes of symmetry, on the basis of which the FEA models were 
devised (shown in Figure 5-27), and the parting plane of the mould inserts. No further 
restraints were applied allowing free expansion. The latter point may at first seem a 
little odd as the mould insert was contained in a steel pocket within the injection 
moulding bolster (see section 5.4). However it has been already shown that even in 
optimum conditions the maximum possible expansion of the whole insert could be 
just -0.25mrn in any one direction. This amount of expansion could occur freely due 
to the clearance required to enable fitting and removal of the inserts in the bolster 
pocket. The planes of restraint are illustrated in Figure 5-31. 
plane of full restraint 
Disc 
=possible 
expansion 
direction 
Bar 
Figure 5-31 Planes of restraint on bar & disc FEA models 
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5.9.5 FEA modelling. Stage 5- Results 
After the linear e lastic analysis was performed the movements (thermal 
expansion) of the model representing the diameter of the d isc oppos ite to materia l 
flow and the e nds of the bar (these represent the planes of measurement discussed in 
section 5. 7.3) were determined by interrogating the displacement vecto rs of the nodes 
representing the cavity edge. This is shown in Figure 5-32. 
Node position 
in FEA model 
due to heat 
Original node 
position in 
FEA model 
when at 
ambient 
temperature 
Oisp larement 
0.04155 
0.0451 3 
0.04261 
0.04009 
0.0315l 
0.0350Y 
0.03252 
0.03 
Figure 5-32 Interrogation of displacement vectors in FEA results to establish 
amount of expansion - example shows AL bar 
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Illustrations of each of the FEA displacement models are shown m F igure 
5-33, Figure 5-34, Figure 5-35 & Figure 5-36. 
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Figure 5-33 FEA displacement model ofSL bar 
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Figure 5-34 FEA displacement model ofSL disc 
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Figure 5-36 FEA displacement model of AL disc 
From these displacements an average movement (expansion) was determjned. 
ln each case the results demonstrated an outwards expansion of the cavity. To 
determine the total mould expansion over the measurement axis, the average figure 
derived from the displacement vectors should be doubled to include axial expansion 
in the opposite direction, as only half of the measurement axis is modeled. The 
expansion measure ments ofthe moulds determined by FEA are shown in Table 5-13. 
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Mould type 
SL bar SL disc ALbar AL disc 
Mould expansion in 
measurement axis (1 0.08751559 0.0782758 0.03661942 0.0275655 
direction) (mm) 
Mould expansion in 
measurement axis 0.1743118 0.1565516 0.07323884 0.055131 
(both directions) (mm) 
Table 5-13 FEA mould expansion results 
The results of these expansion values on total part shrinkage are detailed 
below in Table 5-14. 
PA66 Part measurement ABS Part measurement 
Mould type ALbar SL bar ALdisc SL disc ALbar SL bar ALdisc SL disc 
% part/mould 
difference inc. 
comp. for -1.3841 -2.7447 -1.2712 -2.5649 -0.8097 -0.7837 -0.7887 -0.7139 
therm. exp. by 
FEA 
. . . Table 5-14 The percentage s1ze d1fference of part/mould, including compensation 
for thermal expansion by FEA 
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5.10 Shrinkage Results 
The shrinkage results, taking into account compensation for thermal expansion 
by calculation and FEA, are shown in Table 5-15. 
PA66 Part measurement ABS Part measurement 
Mould type ALbar SLbar ALdisc SL disc ALbar SL bar ALdisc SL disc 
% part/mould 
-1.3272 -2.611 -1.2177 -2.4149 -0.7524 -0.6474 -0.7351 -0.5611 difference 
% part/mould 
difference inc. 
comp. for -1.3434 -2.7308 -1.2339 -2.6101 -0.7687 -0.7696 -0.7514 -0.7599 
therm. exp. by 
calculation 
% part/mould 
difference inc. 
comp. for -1.3841 -2.7447 -1.2712 -2.5649 -0.8097 -0.7837 -0.7887 -0.7139 
therm. exp. by 
FEA 
. Table 5-15 The% SIZe dtfference of part/mould, including compensation for 
thermal expansion by calculation & FEA. 
5.11 Review 
It can be seen from the results that allowing for thermal compensation reveals 
higher values of shrinkage in all polymer/tool combinations, albeit at differing scales. 
Some of the values revealed quite different shrinkage values when the mould 
expansion was incorporated. 
The FEA values gave a good comparison with those derived from the 
calculations. This gave confidence that the method used did give an accurate 
assessment of the mould expansion and the resulting total shrinkage of the parts. It 
shall be noted that the FEA method is an approximate solution and relies on the 
accuracy of the model, mesh density, material properties, surface contact resistance 
and physical restraints. Although many of the figures used in the FEA were definitive 
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as they were produced from real practice, some were the result of assumptions that 
had to be made. 
When compensated for thermal expansion, several themes in the part 
shrinkage results from the experimental data were revealed, these include: 
• Shrinkage direction 
The crystalline polymer (PA66) demonstrated slightly greater shrinkage differences 
(-7% more) in the polymer flow direction (bar specimen) as opposed to the direction 
perpendicular to polymer flow (disc specimen). This was also shown with the 
amorphous (ABS) parts but to a lesser degree (-3% more). These characteristics are 
typical of all injection moulded parts, with crystalline parts being more susceptible to 
anisotropy (directional differences) due to the flow direction causing greater 
alignment of chains within the polymer (Birley et al. 88). 
• Shrinkage according to mould material- PA66 
The results show that the shrinkage that occurred in parts from the SL moulds of both 
geometries was double that incurred by the comparative parts from the AL moulds. 
An expected shrinkage range for PA66 is I- 2.2% (Belofsky 95). The parts from the 
AL moulds demonstrated shrinkage just above the minimum amount expected, while 
the parts from the SL moulds incurred shrinkage above the maximum in the expected 
shrinkage range. Also the range of part of sizes measured were much greater than 
those experienced in the ABS parts (see section 5.7.4). PA66 part measurements 
differed in a range of -0.35mm as compared to -0.18mm for the ABS parts. This is a 
typical characteristic of crystalline polymers which are more difficult to hold part 
tolerances, as compared to amorphous polymers (Bryce 97). 
• Shrinkage according to mould material- ABS 
The results show that the shrinkage of the ABS parts is largely unaffected by the 
mould material used. A shrinkage of -0.76% was incurred by all ABS parts in the 
experiments. An expected shrinkage range for ABS is 0.5 - 0.6% (Belofsky 95). 
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Chapter 6 
Investigation of Crystallinity 
The previous section determined that greater shrinkage occurred in the 
crystalline parts (P A66) when moulded in SL moulds as compared to the same parts 
from AL moulds. The shrinkage ofthe amorphous parts (ABS) was unaffected by the 
mould type used (SL orAL). 
This section identifies the cause of the shrinkage difference and the 
responsible experimental variables. 
6.1 Crystallinity and Shrinkage 
There are several pieces of work that have recognised the large degree of 
shrinkage incurred by parts produced by SL injection moulding. Although of different 
magnitudes, several sources have demonstrated SL moulds and their variants to result 
in greater shrinkage for HIPS, PC, PP, HDPE and PA66 as compared to aluminium 
and steel moulds (Damle et al. 98, Li et al. 00, Polosky et al. 98). 
The most influential factor that determines the amount of shrinkage in 
crystalline parts is the amount of crystallinty developed (percentage crystallinity, %)(.) 
during injection moulding (Bryce 97, Brydson 99, Dijksman 89, Thompson 94). The 
crystalline nature (or conversely the amorphous nature) of a bulk polymer has a major 
effect on its volume/shrinkage. This greater crystallinity is the essential reason why 
crystalline materials exhibit greater shrinkage than amorphous polymers, due to their 
nature of having heavily orientated molecular structures. The development of greater 
crystallinity results in greater shrinkage due to denser packing of the organised 
molecular chains (Gipson et al. 99). The crystalline nature (or conversely the 
amorphous nature) of a bulk polymer has a major effect on its properties (Belofsky 
95). 
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6.2 Differential Scanning Calorimetry (DSC) 
For this wo rk it was necessary to establish and quantify the %:x. of the parts to 
determine the cause of the different shrinkage experienced. Differentia l Scanning 
Calorimetry (DSC) is a quant itative technique that can be used to measure the %x in a 
sample . 
DSC is a thermal analysis technique used to directly measure the temperatures 
and heat flow to a sample during heating in a cont ro lled atmosphere over a period of 
time. Th is technique provides quantitat ive and qua litative information about physica l 
changes by monitoring endothermic or exothermic processes that represent materia l 
transitions. Specific information that can be obtained inc ludes glass transition 
temperature and me lting point but most impo rtantly with respect to this work, 
crystallisatio n t ime & temperature and a measurement of the %x. 
T he DSC apparatus co nsists of an enclosed cell containing a lu minium vessels 
which are connected to thermocouples. Contained in the vessels (pans) are the sample 
to be examined, and a comparison/reference sample of a standard materia l fo r which 
a ll properties are known and that has no trans ition in the measuring range (such as 
g lass). Each material sample we ighs 5-20 milligrams. The DSC cell is illustrated in 
Figure 6-1 . 
Sample 
• 
' 
A 
beat« 
/ aluminium""-
vessels • 
.. 
' ~ 
.. 
Comparison 
sample 
T = Temperature 
LIT = Tem rature difference 
Figure 6-J Principle of DSC cell (Potsch & Michaeli 95) 
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Inside the DSC ce ll the sample pan and the reference pan s it on raised 
platforms on the cell's heater. As heat is transferred, the differential heat flow to the 
sample and reference/comparison sample is monitored by area thermocouples. A 
purge gas of controUed temperature is present to provide the desired 
sample/atmosphere interaction. 
The heat input and temperature rise for the material under test are compared to 
those for the standard material while both are subjected to a constant linear 
temperature change (Brown 99). 
The results from these measurements a llow the heat flow to be plotted as a 
function of temperature which can indicate the thermal transit ion periods of the 
sample materia l. This is illustrated in Figure 6-2. which shows a completeD C curve 
created by the routine (later explained in section 6.4.2) and material used in the work. 
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Figure 6-2 A DSC curve ofPA66 
The plot in Figure 6-2 shows three features. At around 100- 1 l 0°C s light 
undulations are present. T hese undulations are a reaction due to the heat flow 
stabilis ing itself after initia lly registering the rapid change of heat flow at the 
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beginning ofthe scan (100°C, the DSC cycle is discussed fu lly in section 6.4.2). After 
this, it continues to register the heat flow as a stable re lationshi p with increasing 
temperature. 
The second characteristic is due to crystal lisation activity. A small exothermic 
peak can be seen around 240°C due to the energy released upon morphological 
restructuring prior to crysta lline melt . 
The third characteristic is the area of interest with regard to establishing the 
%x. A large endothermic peak can be seen due to energy consumed by the melting of 
the crystalline areas, this is the heat of fusion. The heat of fusion can be used to 
establish the %x in the sample. A sample 's heat of fusion is proportional to the %x 
(Woodward 95). 
6.3 Determining % Crystallinity 
Polymer %x is determined with DSC by quantifying the heal associated with 
melting (fusion) of the polymer. The heat of fus ion during the crystalline melt can be 
calculated by determining the area of the e ndothermic peak (Bershte in & Egorov 94). 
This is illustrated in Figure 6-3. 
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Figure 6-3 Area of the DSC curve used to determine Ofc, crystallinity 
Figure 6-3 shows that the 'bump' preceding the heat of fusio n is excluded 
from the area ca lculation. T he interpolated baseline for the integration of the peak 
begins prior to the ' bump'. The construction ofthe base line itse lf is by a straight line 
method which has been shown to be the most appropriate approach (Turi 97). As 
shown in the previous illustration, Figure 6-2, the ' bump' is an exothermic reaction 
due to crysta llisation activity this is known as recrysta llisation. This activity occurs 
during the slow heating in the DSC process causing further crystallinity to be 
developed in the sample. T his extra crystallinty is not present in the sample prio r to 
examination and thus must be discounted to establish (see Figure 6-4) the crystallinity 
present in the sample which is due so le ly to its conditioning (thermal history) prior to 
DSC. This is the reason that processed samples can only be run once, as the therma l 
history is erased by DSC. 
By calculating the area contained in the endothermic peak it is possible to 
determine the heat of fusion in Joules/gram. This is shown in Figure 6-4. 
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T he %x of the sample can be determined by knowing the heat of fus ion fo r the 
specific sample and ratio ing this against the heat of fusion req uired to me lt a 
completely ( I 00%) crysta ll ised sample of the materia l (Hohne et a l. 96). Such a va lue 
for PA66 is 200 Jig (Mettler 98). 
With bo th these values it is possib le to determine the %x by the equat ion: 
%x. = .1 H 
.1 HI OO% 
where: %x = degree of crystaUinity 
.1 H = heat of fusio n 
.1 H1 oo% = heat of :fusion for 100% crysta ll isat ion 
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(Potsch & Michaeli 95) 
Therefore the calculation of% crystallinity for the example is: 
%x= 49.22 
200 
= 0.246 1 
:. %x = 24.6% 
6.4 DSC Methodology used in this Work 
This research work used DSC to compare the different crystallinity in PA66 
parts produced by injection moulding in SL and AL too ls. 
6.4.1 Sample preparation 
The sample taken from each of the mouldings was of an average weight of - 17 
mg. The test samples were taken from a central region of each moulding (both bar and 
c ircle test pieces). This is illustrated .in Figure 6-5. 
Sample areas 
Figure 6-5 Test pieceD C sample area location 
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The reasoning for the samples being taken from a central region on the test 
pieces and not from around the edges or gating areas was to avoid areas whose 
macromolecular orientation and distribution were influenced by the stress induced by 
a combination of the melt flow movement and contact with the mould wall. These 
frozen-in shear stresses result in the part having a very thin surface layer that exhibits 
different morphological characteristics to the rest of the parts mass (Belofsky 95, 
Beaumont 89, Daly et al. 98, Son et al. 00). These skin-like characteristics are 
common to all injection moulded parts. 
A sample was taken from each of four different mouldings in the region shown 
in Figure 6-5 for each test specimen variety to be examined by DSC and one scan was 
run on each. The mouldings selected for analysis represented an even distribution of 
the mouldings which where produced in sequence from each experimental variety. 
The mouldings examined were numbers 4, 8, 12 & 16, from the set of20 mouldings 
produced. 
As discussed in section 6.3, the scan could not be repeated on each sample as 
the thermal history was erased after each run due to the heating involved. The samples 
were extracted from the mouldings by cutting with hand clippers/cutters. By using this 
method samples were not subjected to heat from mechanical cutting or sawing. Prior 
to examination, the samples were stored in dessicant crystals. Drying by heating was 
not used to avoid any possible disruption to the thermal history of the samples. 
The samples were contained in standard aluminum pans, which had a usable 
temperature range of 180 to 600°C. Open (uncovered) pans were used to optimise 
atmospheric interaction of the sample within the DSC cell. The pans were pressed in a 
hand press to ensure a flat bottom to the pan that would provide a good interface with 
the contact area in the cell. 
6.4.2 DSC cycle 
The apparatus used was a modulated DSC machine produced by TA 
Instruments, model 2920. The cell atmosphere was provided by a refrigerated nitrogen 
cooling system produced by TA Instruments. 
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The temperature range of the DSC analysis used is 1 00-320°C. This operating 
range was derived by observing the temperatures at which transitions occurred during 
an analysis in a wider temperature range. This temperature range displayed all 
transitions of interest while consuming a shorter period of time for each analysis when 
using a heating rate of 1 0°C/min. 
6.5 DSC Results 
As shown in previous illustrations the results of the DSC cycle are shown as 
heat flow plotted against temperature. The DSC results shown in this section contain 
the plot characteristics and display the heat of fusion in joules/gram and the 
temperature at which its peak occurred. The integration required to calculate the heat 
of fusion was performed using TA Instrument's Universal Analysis 2.3 software. 
Each of the DSC results also show a near-vertical line which indicates a tangent 
between the point of greatest change in enthalpy (heat absorption & release) and the 
baseline. The output of this line on the graph is performed by default by the software. 
This information is not relevant to this work and should be ignored. The relevant 
results of the DSC scans can be seen in Figure 6-6 to Figure 6-21. Each of the full 
individual scans can be found in Appendix Ill. 
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Figure 6-6 DSC results for PA66 moulded in AL bar- Sample 1 
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Figure 6-7 DSC results for PA66 moulded in AL bar- Sample 2 
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Figure 6-8 DSC results for PA66 moulded in AL bar- Sample 3 
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Figure 6-9 DSC results for PA66 moulded in AL bar- Sample 4 
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Sample: AL disc int 1 DSC 
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Figure 6-10 DSC results for PA66 moulded in AL disc- Sample 1 
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Figure 6-11 DSC results for PA66 moulded in AL disc- Sample 2 
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S!imple: AL disc int 3 DSC 
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Figure 6-12 DSC results for PA66 moulded in AL disc- Sample 3 
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Figure 6-13 DSC results for PA66 moulded in AL disc- Sample 4 
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Semple: SL bar lnt 1 DSC 
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Figure 6-14 DSC results for PA66 moulded in SL bar- Sample 1 
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Figure 6-15 DSC results for PA66 moulded in SL bar- Sample 2 
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Sample: SL bar lnt 3 DSC 
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Figure 6-16 DSC results for PA66 moulded in SL bar-Sample 3 
Sample: SL bar lnt 4 DSC 
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Figure 6-17 DSC results for PA66 moulded in SL bar- Sample 4 
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Figure 6-18 DSC results for P A66 moulded in SL disc- Sample 1 
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Figure 6-19 DSC results for PA66 moulded in SL disc- Sample 2 
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Figure 6-20 DSC results for PA66 moulded in SL disc- Sample 3 
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Figure 6-21 DSC results for PA66 moulded in SL disc- Sample 4 
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The o/ox for each of the samples, as calculated by the method described in 
section 6.3, are shown in Table 6-1. 
Sample type/name Heat offusion (J/g) Crystallinity (%X) 
AL bar 1 41.50 20.75 
AL bar2 43.68 21.84 
AL bar3 43.48 21.74 
AL bar4 44.06 22.03 
AL disc 1 43.83 21.92 
ALdisc 2 44.16 22.08 
ALdisc 3 44.65 22.33 
ALdisc4 41.92 20.96 
SL bar 1 56.84 28.42 
SL bar2 55.71 27.86 
SL bar3 54.77 27.39 
SL bar4 56.29 28.15 
SL disc 1 54.16 27.08 
SL disc 2 55.52 27.76 
SL disc 3 54.67 27.36 
SLdisc 4 56.83 28.42 
. . . . Table 6-1 Heat offus10n & o/ox ofmit~al PA66 samples 
6.6 Review 
The morphological differences with respect to the percentage crystallinity of the 
two sample types have been established and quantified. The results show that both AL 
moulds demonstrate an average o/ox of -22%, while both SL moulds demonstrate an 
average o/ox of -28%. 
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Chapter 7 
Link between Morphology and 
Variables 
The morphological differences with respect to the percentage crystallinity of 
the two sample types have been established and quantified in the previous section .. 
This section concerns attributing the morphological differences with the experimental 
variables. 
7.1 Morphological Differences 
The DSC results from section 6.5 have shown that there was more crystallinity 
developed in the P A66 parts produced in SL moulds than those produced from AL 
moulds. The DSC results also showed a slight difference in the curve characteristics 
displayed by the AL and SL mouldings. The AL samples demonstrate an exotherrn 
prior to the heat of fusion, whilst none of the SL samples showed this in the DSC 
tests. 
7.2 Experimental Variables 
As described in section 5.2, the only differences/variables in the experiments 
were: 
• material type (P A66 & ABS) 
• mould geometry (bar & disc) 
• mould type (SL & AL). 
All other process variables remained consistent throughout all the experiments 
conducted (i.e. melt temperature, injection pressure etc ). 
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Addressing the effects of each of the experimental variables that this work has 
shown so far: 
• Material type - The shrinkage and %x, of P A66 (crystalline) differed according 
to the mould material type used. The shrinkage of ABS (amorphous) was 
unaffected by any changes. 
• Mould geometry - The P A66 & ABS parts demonstrated marginally more 
shrinkage in the direction of polymer flow during moulding (-Q.I & -o.05% 
greater part/mould difference respectively) which was expected (see section 
5. I I). The PA66 parts demonstrated no %x, differences according to the mould 
geometry used. 
• Mould type - The SL moulds produced P A66 parts with greater shrinkage and 
%x, than those produced in the AL moulds. The shrinkage of ABS 
(amorphous) was not affected by the mould type used. 
7.3 Comparison to Thermal History 
This work has identified that the mould material type was responsible for 
producing different shrinkage and crystallinity in the P A66 parts. As mentioned in 
section 5.2, the thermal properties of the mould material were very different. The AL 
moulds transferred heat much more quickly than the SL moulds. The heat source in 
the moulds was generated from the hot polymer following injection. The thermal 
conductivity of the mould materials determined the rate at which the part was cooled. 
The different cooling rates of the parts has been illustrated by FEA modeling (section 
5.9) and demonstrated by real-time data acquisition (section 5.5.4). 
This difference in cooling rate was responsible for developing the varying 
crystallinity in the samples. When in their molten stage, all plastics are amorphous 
(showing little or no organisational uniformity in their molecular structure) and can 
only regain their crystalline structure after a period of cooling time. Should this period 
of cooling occur at a very rapid rate the molecules may be unable to re-orientate 
themselves in such an aligned manner (crystallinity) and remain in an amorphous 
state. The opposite of this; slower cooling, allows not only re-crystallisation but also 
the growth of larger crystal structures. Thus the rate of cooling has a great 
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contribution on plastic shrinkage - fast cooling resu lting in less crysta ll isat ion and less 
shrinkage, slow cooling in more crysta ll isation and more shrinkage. This is illustrated 
in Figure 7-1. 
Amorphous_+-_ 
region 
N~n----® 
Figure 7- l lllustration of comparative crystal growth patterns in parts from L 
and AL moulds. 
These illustrations are conjecture and are provided as an illustration of 
differences in crystal growth patterns. Attempts at a visua lisat ion of the cell structure 
within samples were made to accompany the quantitative data provided by 0 C. An 
optical investigation was attempted by microscopy of a thin section (microtome). 
However, it was not possible to achieve images that would provide a visua l indicat ion 
of the crystal formation due to the opaque nature of the material used. 
The fo llowing work was conducted in respect of the requirements of SL 
injection moulding, crystallinity and shrinkage: 
The degree of crysta ll inity has been investigated with respect to cooling rate 
(Resler 99). This work demonstrated tbat a slower cooling rate resu lted in a greater 
degree of crysta ll ine structure being developed in PP and PBT (polybutylene-
terephthalate) parts. Comparative rapid too ling trials for injection moulding bave been 
conducted using L, cast epoxy, meta l sprayed epoxy & cast a lloy moulds. Of these 
techniques, SL moulds demonstrated the highest temperature during moulding which 
was reached slowly and took a long period of time to fa ll. This is due to the epoxy 
substrate being of a low thermal conductivity and high heat capacity. Due to these 
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thermal characteristics, pp parts produced rrom this tooling showed a large degree of 
crystalli nity, with small boundary layers and large spherulites (Langen & Michaeli 97, 
Michaeli et a l. 96). 
The rate of heat transfer has a lso been noted to effect the morphology of 
injection moulded parts in certain regions. The regions where the moulded plast ic was 
in contact with the cavity walls has been shown to lead to amorphous outer layers of 
PS parts (Dawson & Muzzy 99). A study concerning the effect of cooling after 
moulding has also identified the importance of coo ling rate and its effect on the 
degree of crystallinity and residual stresses developed by injection moulded parts 
(Moller et al. 98). 
The effect of a s low cooling rate has been investigated with respect to 
mechanical properties (strength, toughness & stiffness) and shrinkage. The ir values 
have also been attributed to the crystallin ity developed. It has been demonstrated that 
producing parts from SL moulds results in di fferent physical propert ies of tens ile. 
impact and flexural strengths compared to parts produced from metal moulds capable 
of much greater rates of heat removal (Dawson & Muzzy 99 Polosky et a l. 98). The 
measurement of the crystallinity of parts produced fro m SL and metal moulds showed 
that the coo ling rate of SL moulded parts resulted in the growth of larger spherulites 
and an increase in the degree of crystallinity. Subsequent mecha nica l testing of these 
parts showed a high degree of proportionality be tween crystallinity and mechanica l 
properties (Albano et a l. 99). 
Defi nitive polymer refere nce books state that slower cooling of crysta lline 
polymers resu lt in greater crystallinty (Turi 97, Brydson 99, Birley et a l. 88, Michaeli 
95, Birley et al. 9 1). ln a list of factors that influence crysta llisation the only 
mould ing variable amongst these is cooling rate, the others relate to the inherent 
chemical and molecular make-up of a polymer (Belofsky, 95). 
7.4 Review 
The latter part of this wo rk concerns contro lling and manipulat ing the degree 
of crystallinity. ln order to attempt this it has been necessary to ident ify the factor 
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which had the greatest influence on this. In these experiments the cooling rate, which 
was imparted due to the heat transfer characteristics of the mould, has been ident ified 
as the contro lling factor of a parts %x content. Several papers and publicat ions have 
also ide ntified an injection moulded part's cooling rate to have the greatest effect on 
its degree of crystall inity. 
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Chapter 8 
Control of Part Morphology 
One of the a ims of this work was to deve lop modifications to the process of 
using SL tools fo r injection moulding which allows the moulded parts to be similar in 
the ir morphology to those produced by convent ional hard tooling. 
This work attempted such modifications by four approaches, each of which 
addressed different aspects of the overall process. These are illustrated in Figure 8-1. 
Tool based Process based 
~------~~------~ 
r ' 
Design approach Injection approach 
Mould approach 
Figure 8-l Representation of areas ofproccss modification to effect part 
morphology. 
The four methods concerned: design, mould, injection and material approaches 
to contro l part morphology. The des ign and mould approaches focused on changes to 
the too l, while the material and injection approaches focused on modifications to the 
129 
process. Sections 8.2 & 8.3 concern the two tool based methods used , while t he two 
process based methods are described in sections 8.5 & 8.6. 
8.1 Tool Based Methods 
lt has been identi fied that the characteristics of the SL tool are responsible for 
the morphological a nd shrinkage differences compared to metal tools. So it appears 
reasonable that in order to redress these differences one should seek to a lte r the cause, 
which is the tool itself. Such attempts are described in sections 8.2 & 8.3. 
8.2 Design Approach 
Chapter 5 established and quantified the extra amount of shrinkage incurred by 
the crystaUine parts produced from SL moulds. If this greater amount of shrinkage 
was allowed for in the mould design it would be possible to compensate for the extra 
shrinkage. 
8.2.1 Theory 
The results of section 5. 10 have shown that an appropriate shrinkage 
compensation factor for PA66 wou ld be - 2.7% axjall y and - 2.6% radially in the SL 
mould, as compared to - 1.3% ax ially and - 1.2% radially for the AL mould. These 
va lues could be added to the cavity dimensions during the mould design to 
compensate for the shrinkage and produce an end part ofthe required dimensions and 
to lerances. 
Example: A product size IS 135.5mm +/- 0.3mm. Adding a shrinkage 
compensat ion factor of 1.5% wouJd result in cavity dimensions of: 
135.5mm x ( I + 0.015) 
0.3mm x ( I + 0.0 15) 
:. necessary tool dimension 
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= 137.5325mm and 
= 0.3045mm 
= l 37.5325mm +/- 0.3045mm 
= 137.53mm +/-0.31mrn 
8.3 Mould Approach 
ince it has been identified (Chapter 7) that the morpho logical differences in 
the parts are due to the cooling rate imposed by the inhere nt heat transfer properties of 
the mould material, it seems logica l that in order to achieve equa l morphology one 
should attempt to make these heat transfer characteristics more like those of metal 
moulds. There are severa l methods that could be approached to increase the rate of 
heat transfer of the mo uld. Such attempts in p revious work are discussed in the 
fo llowing subsection. 
8.3.1 Work of Others 
One approach to improving the heat transfer in SL moulds invo lves a 
combinat ion of materials used to produce the mou ld. Experimentation has been 
conducted to compare the peak temperature and rate of heat removal for various 
mo ulds consisting of a combinatio n of S L and another mate rial. These too Is included : 
so lid SL, SL cavity w ith an a lumin ium core, nicke l coated SL, back-fi lled SL and 
water-coo led L. A comparison of the too ling methods show they all demo nstrated a 
simi lar constant of heat removal (- 1 °C/sec), except the so lid SL too l, which was 
s lower (- 0.3°C/sec). In terms of temperature peak the so lid L tool was highest 
(270°C), SL with o ne mould half produced in a luminium lowest (200°C) and the rest 
be ing o n a similar middle gro und (230°C) (Li et al. 97). 
The back fi lling of SL injection too ls with an epoxy containing a conductive 
fi ller has been commonly used u1 attempts to increase strength, improve therma l 
conductivity and reduce build times and costs. It has been stated that a so lid L too ls 
thermal conductiv ity is much worse than steel (so lid SL 0.2 W/m-K, Steel 50 W/m-
K), while a back-fi lled shell exhibits better therma l conductivity ( 1-2 W/m-K) 
(Jayanthi et a l. 97). The case fo r backfi lling is further enfo rced when experimentation 
shows that the thinner the SL she ll used w ith backfi ll ing, the higher the thermal 
conductivity. When used in co nj unction with the minimum practical she ll thickness of 
I mm (backed with a luminium fi lled epoxy with 60% a luminium shot) the resu lts 
show a maximum thermal conductivity of 1.148 W/m-K compared to a so lid SL 
mould which exhibits a va lue of0.2 W/m-K (Li et a l. 97). Other wo rk (Jacobs 97) has 
demonstrated that a backed tool (2mm thick SL shell backed with a luminium filled 
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epoxy with 40% a luminium shot) had better thermal conductivity (0.42 W/ m-K) than 
its solid SL counter part (0.2 W/m-K). Use of a backftJling material has also been 
shown ( in a comparative case study) to be far more effective at heat removal than 
cooling channels (Eschl 97). 
Rece nt work has proposed a modification o f the backfilling procedure to 
further improve the cooling rate of the tool. The technique invo lves producing the SL 
shell with ho les in se lective areas on the cavity surface. These ho les are temporarily 
sealed off to al low backfill ing. When the backfi lling material has sol id ified the seals 
are removed, providing an area of the cavity that is in direct contact between the 
backfiUing materia l and the moulded part. These areas provide heat flux channels 
(HFC) within the mould. lt has been shown that the use o f this techn iq ue a llows a 
lower peak mould temperature in the areas of HFC placement compared to the same 
area in identica l so lid and conventiona ll y backfilled SL moulds (Ahre ns et al. 0 I). 
This is illustrated in Figure 8-2. 
SL shell 
core 
Heat Flux Canals S L Mould Process 
back ldbng step 
surlace l1mshang 
and seats 
removmg step 
Figure 8-2 The use of heat nux channels in backfilled SL moulds (Ahrens et al. 01) 
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The neg lig ible effect of backfilling of SL tools has been concluded in other 
work. This affrrmed that backfi lled SL shell moulds do not signjficantly improve the 
heat transfer, moreover the backfilling process may cause geometric distortions in the 
cavity (Li et al 00). 
Another approach to improving the heat transfer in SL tools uses conforma l 
cooling channels. Conformal cooling channels can fo llow the shape of the mould in 
three dimensions and in this way increase the surface area of heat trans fer. An 
example of conformal cooling in SL injection moulding inserts is shown in Figure 
8-3. 
Figure 8-3 Conformal cooling channels (Harris 02 I cl). 
Such channels are only possible due to the layer manufacturing technique 
utilised in the SL process. There are few limitations to the geometry that can be 
produced. Some research work has invest igated the use of cooling channels to reduce 
the temperatures experienced by the too l and a lso to reduce cycle times. Since tensile 
and shear strength of epoxy reduces as they approach their glass transition 
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temperatures, it is important to avoid part ejection at this time when the insert is 
weakened by a high temperature induced by the moulding process, or reduce the 
temperature as quickly as possible (Rahmati & Dickens 97 [a]). This work suggests 
that a reduction in temperature could be achieved by conformal cooling channels. 
Other work by the same author theorises on the lack of usefulness of cooling channels 
due to the poor thermal conductivity of epoxy (Rahmati & Dickens 97 [b ]). The use of 
air-cooling has been recommended in preference to conformal cooling channels in SL 
tools (Jayanthi et al. 97). 
This recommendation has been justified by other work which aimed to 
establish the effectiveness of conforrnal cooling during the frrst shot by modeling 
using FEA. This work showed that heat removal for an SL insert increases 
exponentially as the channels are placed closer to the surface. It was found that to 
sufficiently reduce the part ejection cycle time, the conformal cooling channel would 
need to be placed only lmm away from the surface (Colomer 99). Channels so close 
to the surfuce in SL tools would be vulnerable to deflection or collapse due to cavity 
pressure. The impotence of cooling charmels in SL tools is supported by a comparison 
study between a backfilled SL mould and a SL mould incorporating cooling channels 
that found the cooling channels to be ineffective at heat removal (Eschl 97). 
However, some work has shown that the effectiveness of cooling channels can 
be improved during a continuous part production cycle by an optirnisation of their 
geometry and location. This experimental study (Janczyk 97) demonstrated that using 
a square cross sectional cooling channel with trip strips to induce extra turbulence 
reduced the maximum temperature experienced by the mould compared to a solid SL 
mould. Variation of the cooling channel distance from the moulding surface had the 
largest impact on heat removal from the tool. It was demonstrated that cooling 
channels placed 13mm away from the cavity surface enabled a constant temperature 
to be held during a continuous moulding cycle while placing the channels I 9mm away 
allowed a steady rise of the insert temperature. 
A further reference to the positioning of cooling channels can be found in 
work comparing differing rapid tooling methods for the moulding of plastic parts 
(Langen & Michaeli 97). This demonstrated the cooling in the SL tools would be 
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efficient only in a small region around the cooling channels and would cool the part 
only in that region, leading to an uneven temperature distribution. 
The use of channels for heating has been promoted by some work (Schulthess 
et al. 96) which highlights its ability to reduce the thermal shock experienced at the 
beginning of each moulding shot. 
Another hope for improving the heat transfer properties of SL tools is to apply 
a coating of a high thermal conductivity material. Such attempts have been made by 
metal spraying. An SL tool with a metal sprayed surface (MCP-T AF A, - 3 11m thick) 
has been utilised in a study of the thermal activity during moulding. This metal layer 
was found to bring only very slight improvements to the thermal properties and 
improved the "cooling power" only for a relatively short period (Michaeli et al. 96). 
Although not a significant benefit to heat removal, the application of a metal coating 
may aid heat distribution, avoiding the build up of hotspots, which effect part quality 
and induce weak points within the tool (Li et al. 97). Other attempts have been made 
to apply a coating to SL tools by vapour deposition in order to assess their ability to 
provide wear resistance and affect heat transfer. The coatings materials used were 
copper, tungsten carbide (Kamphuis 96), and nickel (Harris 00). In each case the 
coating was found to be inadequately adhered to the cavity surface and was easily 
removed during injection moulding. 
8.4 Process Based Methods 
Both the tool based approaches described in the preceding sections are either 
ineffective at significantly improving the cooling conditions in SL moulds or neglect 
the morphological condition of the resulting parts. The discussion surrounding the 
shortcomings of these techniques is detailed in 9.5.1 & 9.5.2. 
The failure of tool based modifications led to a completely different approach 
that would allow the morphology ofSL moulded parts to resemble those from metal 
moulds. The focus of investigation for this work shifted to another aspect of injection 
moulding - the injection process rather the tooling aspect. The shift in investigation 
areas is illustrated in Figure 8-1. The new realm of investigation was inspired by the 
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previous DSC analysis which identified the periods of crystal formation and aided in 
developing an understanding of the morphological activities that occurred during this 
period. These investigations are described in sections 8.5 & 8.6. 
8.5 Material Approach 
The development of crystalline structures is related to the speed at which the 
polymer is cooled from melt. Faster cooling results in a shorter period of time that the 
polymer spends in the transitional phase of optimum crystal development. This 
transitional phase is called crystallisation. During this phase the polymer ceases to be 
amorphous (molten) and regains its crystalline structure. Crystal growth depends upon 
the emergence of a central nucleus to begin the growth pattern of a crystal structure. 
The formation of a stable nucleus occurs by the local ordering of polymer chains. This 
is followed by the crystal growth stage which is governed by the rate of addition of 
other chains to the nucleus (Birley et al. 91). The rate and amount of crystal growth is 
reliant on the density of nuclei formation during this period (Turi 97). The natural 
formation of these nuclei occurs as the polymer cools through its period of 
crystallisation. It is known as homogeneous nucleation and is time and temperature 
dependant. If the temperature is reduced rapidly through the period of crystallisation, 
less nuclei will be generated and less crystallinity will be achieved in the part. This is 
why the quickly cooled parts from AL tools generated less crystal content than those 
from the SL tools. 
It is possible to seed the base polymer with foreign particles that provide 
preformed nuclei prior to the crystallisation period by the addition of an additive to 
the polymer compound known as a nucleating agent. The preformed nuclei that are 
provided by the addition of a nucleating agent are independent of the base polymers 
crystallisation and are present prior to the phase transition when the base polymer is in 
its amorphous state (molten). The existence of such independent nuclei allow crystal 
growth prior to the formation of natural nuclei by homogeneous nucleation. Growth of 
crystals on such foreign nuclei is known as heterogeneous nucleation. The presence of 
heterogeneous nuclei facilitate crystal growth that occurs sooner in the cooling period 
of the polymer than by homogeneous nucleation. 
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This section of work concerns assessing the effects of a nucleating agent on 
the crystallinity of parts produced in SL and AL moulds. 
8.5.1 Methodology 
Major nylon moulding materials are available with various additives and 
fillers, including nucleating agents (Brydson 99). Colloidal silicon dioxide (extremely 
small particles of Si02 suspended and dispersed in a liquid) is used as a nucleating 
agent in nylon (Rosato 93). 
The nylon used in the previous experiments was available from the same 
manufacturer with the addition of a nucleating agent and was used in the work 
described in this section. The material is Bergamid A65S Natural SO manufactured by 
PolyOne. Only the bar geometry was produced and analysed as the results from 
Chapter 6 show the morphology created in both disc and bar was similar. Shrinkage 
was not measured as earlier parts of this work identified the cause of such differences 
- the crystallinity. This latter work is concerned with quantifYing the amount of 
crystallinity developed which determines, amongst other properties, the shrinkage of a 
part. The procedure for moulding the specimens was the same as the previous 
experiments, as described in chapter 5.3. 
The DSC procedure for morphological analysis and calculation of %x is the 
same as that used in the previous investigations. The procedure is detailed in Chapter 
6.4. 
8.5.2 Results 
The DSC experimental results for P A66 with nucleating agent are shown in 
Figure 8-4 to Figure 8-11. Each of the full individual scans can be found in Appendix 
IV. 
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Figure 8-4 DSC results for PA66 + nucleating agent moulded in AL- Sample 1 
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Figure 8-5 DSC results for P A66 + nucleating agent moulded in AL - Sample 2 
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Figure 8-6 DSC results for P A66 + nucleating agent moulded in AL - Sample 3 
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Figure 8-7 DSC results for PA66 +nucleating agent moulded in AL- Sample 4 
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Figure 8-8 DSC results for P A66 + nucleating agent moulded in SL - Sample 1 
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Figure 8-9 DSC results for PA66 + nucleating agent moulded in SL- Sample 2 
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Figure 8-10 DSC results for PA66 +nucleating agent moulded in SL-Sample 3 
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Figure 8-11 DSC results for PA66 +nucleating agent moulded in SL- Sample 4 
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The %x for each of the samples, as calculated by the method described in 
section 6.3, are shown in Table 8-1. 
Sample type/name Heat offusion (J/g) Crystallinity (%X.) 
AL fast cryst 1 49.99 24.99 
AL fast cryst 2 48.59 24.29 
AL fast cryst 3 49.61 24.8 
AL fast cryst 4 47.47 23.73 
SL fast cryst 1 49.95 24.97 
SL fast cryst 2 48.45 24.23 
SL fast cryst 3 49.16 24.58 
SL fast cryst 4 48.61 24.31 
Table 8-1 Crystallinity results ofPA66 with nucleating agent 
8.6 Injection Based Approach 
This approach concerned an investigation of altering the injection process 
parameters in order to achieve %x in the parts from SL moulds that was similar to that 
developed in the parts from AL moulds. 
The previous DSC scans identified and quantified the temperature regions in 
which the development of crystalline content was optimum during cooling of the 
polymer. This was the temperature range in which the heat of fusion occurred, as 
shown in Figure 8-12. 
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Figure 8-12 Heat of fusion temperature range 
During heating of the polymer this temperature range also represents the 
melting phase of the crystalline materials. The transformations that occur during the 
melting phase involve the break down of the bonds between the polymer molecules 
that form crystalline structures until the polymer is in an amorphous state. This 
transition is the opposite that occurs during cooling where the polymer regains its 
structured crystalline arrangement. Thus the heat of fusion also represents the 
temperature range of melting. 
The melt temperature setting of the injection moulding machine used in all the 
previous experiments was 270°C. The DSC work demonstrated that there was a 
possible temperature range that could be used, this range was -235°C to 280°C (as 
shown in Figure 8-12). This is the critical period where %x was determined during 
cooling. The greater crystallinity in SL parts was due to a longer period spent in this 
period of crystal development due to the much slower cooling as compared in AL 
parts. The impetus ofthis work section was to determine if setting a lower melt temp 
could effect the %x in the part by reducing the amount of time spent in the critical 
zone of crystal development and thereby reducing the influence of the cooling rate 
imposed by the mould. 
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8.6.1 Methodology 
Any attempts to influence a parts %x must be effective during the critical 
temperature range of crystal development (see Figure 8-12). The range was non-linear 
and demonstrated a temperature of optimum crystal development. This is the heat of 
fusion peak shown in the DSC scan. The peak melt temperature in the previous scans 
(Figure 6-6 to Figure 6-21) occurred at an average temperature of -266°C. This 
indicated the peak period of crystal development occurred -4°C below the polymer 
melt temperature set by the process in the previous experiments. In an attempt to 
continue a theme that may provide some correlation with previous tests, the melt 
temperature in these tests was set 4°C below the average peak temperature to 262°C. 
This is illustrated in Figure 8-13. 
200 
Temperature (0 C) 
270'C 262"C 
NewmeH 
temperature setting 
Previous melt 
temperature setting 
-266"C 
Average temperature 
of peak crystallinity 
development 
300 
Universal V2.3C TA Instruments 
Figure 8-13 Shift in melt temperature settings 
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The material was Bergamid A70NAT manufactured by PolyOne, the same 
nylon used in the previous experiments in Chapter 5. The procedure for moulding the 
specimens and morphological analysis was the same as the previous experiments, as 
described in section 5.3 and 6.4 respectively. As in section 8.5 the mouldings were 
produced only from the bar mould as the earlier work had demonstrated no 
morphological differences of the samples due to the mould geometry used and again 
shrinkage was not measured as determining %x was the objective. 
8.6.2 Results 
The DSC experimental results for P A66 with melt temperature modification 
are shown in Figure 8-14 to Figure 8-21. Each of the full individual scans can be 
found in Appendix V. 
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Figure 8-14 DSC results for P A66 with melt temp modification from AL tool-
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Figure 8-15 DSC results for P A66 with melt temp modification from AL tool-
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Figure 8-16 DSC results for PA66 with melt temp modification from AL tool-
Sample3 
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Figure 8-17 DSC results for PA66 with melt temp modification from AL tool-
Sample4 
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Figure 8-19 DSC results for P A66 with melt temp modification from SL tooi-
Sample2 
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Figure 8-20 DSC results for PA66 with melt temp modification from SL tool-
Sample3 
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Figure 8-21 DSC results for PA66 with melt temp modification from SL tooi-
Sample4 
The %x for each of the samples, as calculated by the method described in 
section 6.3, are shown in Table 8-2. 
Sample type/name Heat of fusion (J/g) Crystallinity (%X) 
ALtempmod 1 43.12 21.56 
ALtempmod2 42.1 21.05 
ALtempmod3 43.29 21.65 
ALtempmod4 42.68 21.34 
SLtemp mod 1 44o27 22.14 
SLtempmod2 44.64 22.32 
SLtemp mod3 44o89 22.45 
SLtempmod4 44o62 22o31 
0 0 Table 8-2 Crystalhmty results ofPA66 with temperature modificatiOn 
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8.7 Review 
Both the tool based approaches described in the preceding sections are either 
ineffective at significantly improving the cooling conditions in SL moulds or neglect 
the morphological condition of the resulting parts. The discussion surrounding the 
shortcomings of these techniques is detailed in 9.5.1 & 9.5.2. The material approach 
results in parts that are of the same %x irrespective of the mould variety (SL or AL ). 
Discussion concerning the material approach is detailed in section 9.5.3. The Injection 
based approach results in parts that are of similar %x irrespective of the mould variety 
(SL or AL ). Discussion concerning the injection based approach is detailed in section 
9.5.4. 
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Chapter 9 
Discussion 
This c hapter contains a discussion of the findings of this work in relation to 
the objectives. The objectives, and the chapters of the thesis that address each of the 
factors invo lved, are illustrated in Figure 9-1. 
O~iecti,e: To Identify, Oete•·mine, Understand & Control the mOI'J>hology of 
injection moulded pa11s produced by Ste•·eolithog•·aphy Moulds 
Figure 9-1 Illustration of objective and the relating chapters 
This discussion is formed on a chapter-by-chapter basis. T n parts of the thesis 
it was necessary to provide some discussion, in the form of a review, prior to this 
chapter in order to clarify some points and to reveal the reasoning for consequent 
actions that would present a logical flow of the work to the reader. Where this is the 
case, a summary of such previous discussion is provided. 
9.1 Identify Shrinkage Anomalies (Chapter 4) 
This chapter detailed initial pilot tests to investigate an aspect of shrinkage 
(post-moulding shrinkage) in parts produced fi·om SL moulds as compared to those 
from meta l moulds. No conclusions could be drawn from the resu lts due to the 
inappropriate and inconclus ive nature of the experimental design. However, the 
results did indicate differing shrinkage according to the mould type used. 
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9.2 Determine and Quantify Absolute Shrinkage (Chapter 5) 
The information contained in this section detailed an in-depth experimental 
analysis to determine shrinkage differences of amorphous and crystalline polymers in 
a comparative study between SL and AL moulds. 
The results have shown that the crystalline parts from SL moulds exhibit 
double the shrinkage difference of comparative parts from AL moulds (approximately 
2.6% as opposed to 1.3%). In the same conditions, the amorphous polymer showed 
very little shrinkages differences, irrespective of mould variety. 
9.3 Morphology Investigation (Chapter 6) 
The results have shown that the percentage crystallinity was unaffected by the 
mould geometry used i.e. the samples from the bar parts exhibited the same 
crystallinity as those from the disc moulds of corresponding mould material. 
The results showed that, in comparison with the AL mouldings, approximately 
30% more crystallinity was developed in the SL mouldings giving a total crystalline 
content difference of approximately 6%. A total percentage crystallinity difference of 
2% has previously been shown to have an effect on the shrinkage of other polymers 
(PP) (Tursi & Bistany 00). 
The DSC plots (Figure 6-6 to Figure 6-21) showed a slight difference in the 
curve characteristics displayed by the AL and SL mouldings. The AL samples 
demonstrated an exotherm immediately prior to the heat of fusion, none of the SL 
samples showed this in the DSC tests. The presence of this exotherm was a further 
indication of the differing percentage crystallinity in the parts produced from moulds 
of contrasting material type. As mentioned in section 6.3 an exotherm prior to the heat 
of fusion is due to recrystallisation, the development of further crystallinity caused by 
the heating of the material in the DSC tests. The fact that the samples from the SL 
mould show no such exotherm indicate that the sample's thermal history prior to DSC 
analysis causes the development of maximum permissible percentage crystallinity for 
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the material, unlike the samples from the AL moulds which indicate a lower 
percentage crystallinity. 
9.4 Understanding the Cause of Morphological Differences 
(Chapter 7) 
This chapter concerned relating the cystallinity differences, that had been 
previously demonstrated, to a responsible determinant. It was determined that the 
cooling rate of the part, which is governed by the heat transfer characteristics of the 
mould material, was the controlling factor of a parts crystallinity content. 
9.5 Control of Part Morphology (Chapter 8) 
Chapter 8 concerned the attempts to control and influence the morphology of 
injection moulded parts. Four differing approaches to morphology control were taken. 
This work is discussed in the following subsections. 
9.5.1 Design approach - (Chapter 8.2) 
By applying the appropriate shrinkage factor in a mould's design it would be 
possible to compensate for the extra part shrinkage that occurred in SL moulds. 
However, the shortcomings of such a solution are twofold. 
Firstly, this work has identified the appropriate shrinkage compensation factor 
for only one type of crystalline material. Many different types of crystalline polymers 
exist and the effects of differing cooling rates on morphology is polymer dependent. 
To accurately predict the correct shrinkage factor would involve repetition of the 
experiments for each polymer type. 
Secondly, and more importantly, this approach only addresses the change in 
shrinkage • the inherent crystallinity of the parts would remain different from those 
produced by metal tools. Such a solution is flawed as it would resolve only one of the 
outcomes of the differing crystallinity. Although this work originates from a focus on 
the effect of a developed morphology on shrinkage, one should be aware that the 
effects are far wider ranging. A part's degree of crystallinty effects much more than 
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its shrinkage. The physical, mechanical, optical and electrical properties of polymer 
materials are affected to varying degrees by the sample morphology (Woodward 95). 
These properties include: 
• Thermal conductivity (increases with increasing %;.:) 
• Strength & stiffuess (increases with increasing %x) 
• Impact strength (decreases with increasing %x) 
• Density (increases with increasing %;.:) 
• Transparency (decreases with increasing %;.:) 
(Birley et al. 91) 
The use of this design based approach would provide only a shortcut solution 
by not seeking to address the true cause of the shrinkage differences - the 
morphological anomalies. 
9.5.2 Mould approach- (Chapter 8.3) 
Research work has been conducted in various areas in attempts to improve the 
heat transfer properties of SL moulds to make them more like metal tools. These 
attempts have achieved varying degrees of success. However even the most successful 
techniques have been unable to approach the levels of heat transfer provided by steel 
tools, let alone aluminium. Such comparisons are in Table 9-1. 
Tool Material Thermal conductivity (W/m-K) 
Solid SL 0.2 
Modified SL 0.4-2 
Steel 50 
Aluminium 200 
Table 9-1 Thermal conductivity comparisons 
Not only have the techniques been shown to be ineffective at reproducing the 
heat transfer characteristics of metal tools but they also introduce extra process steps 
to a supposed rapid and direct method of mould production. 
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It should also be noted that some of the methods that involve the use of 
combined mould materials (i.e. heat flux channels, aluminium core with SL cavity 
etc) would induce areas of differing cooling rates in the part which could lead to 
warpage (Rees 95) and morphological disparities (Rezayat & Jantzen 95). 
9.5.3 Material approach - (Chapter 8.5) 
The results showed that similar values of crystallinity were developed in parts 
moulded from SL and AL moulds with the addition of a nucleating agent to the P A66. 
None of the DSC traces showed recrystallisation activity. As discussed in 
section 6.3 & 9.3, such activity is due to extra crystal formation during the heating in 
the DSC tests. When no recrystallisation is shown it indicates that the maximum 
possible level of crystallinity has been achieved in the sample. This indicates that the 
maximum permissible level of crystallinity existed in all the samples moulded, 
regardless of whether they were produced in SL orAL moulds. 
Another characteristic exposed by the DSC scans was the temperature at 
which peak crystallinity activity occurred. The area of the scan concerned is 
illustrated in Figure 9-2. 
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Figure 9-2 Illustration of maximum crystallisation activity temperature 
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A comparison of these results with those from the earlier sections showed that 
the temperature of peak crystallinity activity was higher. The previous work indicated 
maximum crystallisation activity temperatures occurred within a range of 
approximately 264 - 269°C, the results of the P A66 with nucleating agent 
demonstrated the same peak period occurs consistently at approximately 274°C. This 
indicates that crystal activity occurred earlier during the cooling phase compared to 
P A66 without the addition of a nucleating agent. 
The parts from SL & AL moulds developed the same amount of crystallinity 
as the presence of a central nucleus for crystal growth was no longer dependant on the 
cooling rate of the part. Unlike the PA66 without nucleating agent used in the earlier 
work, the additive provided nuclei that are present and available to form crystal 
structures independent of the temperature state. This resulted in the parts exhibiting 
the same percentage regardless of the cooling rate imposed by the mould type. 
Using PA66 including a nucleating agent allows samples from both mould 
types to exhibit the same percentage crystallinity. The percentage crystallinity is 
different to that in the earlier work in both cases i.e. 
• PA66 without nucleating agent in AL = -22 %x 
• PA66 without nucleating agent in SL = -28 %x 
• PA66 with nucleating agent in AL & SL = -24.5 %x 
The nucleating agent increased the crystallinity in parts produced in AL 
moulds. This was due to the presence of many independent heterogeneous nuclei. 
This was in contrast to the previous experiments without nucleating agent, where 
crystal development is dependant upon the development of homogeneous nuclei. 
Lower crystallinty resulted in such cases as few homogeneous nuclei could be 
developed due to rapid cooling of the part caused by the heat transfer characteristics 
of the AL mould. 
In comparison with the earlier experiments (Chapter 6), lower crystallinity was 
developed in the parts from SL moulds by the addition of the nucleating agent. This 
156 
was due to a fmer structure of crystal growth caused by smaller crystal size, due to the 
crystals colliding as they expand outwards into the amorphous regions. Previously, 
fewer nuclei would have been present to provide the growth of individual crystals but 
the very slow cooling rate would allow the growth of larger crystal structures. The 
developed structures are illustrated in Figure 9-3. 
C1Jstal 
boundMJ 
Crystal structure formed In AL & SL moulds 
with the addition of a nucleating agent 
Figure 9-3 Crystal growth depending on available nuclei 
9.5.4 Injection based approach - (Chapter 8.6) 
Although not exactly alike, the results showed that by lowering the melt 
temperature setting it was possible to produce parts from the SL moulds which were 
much more similar in percentage crystallinity to those from the AL moulds compared 
to previous results (section 6.5). 
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The results indicated percentage crystallinity of the parts from AL moulds was 
unaffected by melt temperature setting variation. This may indicate that a minimum 
level of permissible percentage crystallinity was present in the PA66 due to the 
extreme rate of rapid cooling in the AL mould, as discussed in section 9.3. 
Both sets of results from the different mould types exhibited recrystallisation 
activity (discussed in section 6.3) prior to the heat of fusion, indicating the parts to be 
of a relative low crystalline content with the development of further crystallinity 
possible. 
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Chapter 10 
Conclusions 
1. This work has defined that double the amount of shrinkage occurred in P A66 
(a crystalline polymer) when injection moulded in an SL tool, as compared to 
an AL tool. In the same experimental conditions ABS (an amorphous 
polymer) demonstrated no such differences. This difference was attributed to a 
change in morphology (crystallinity), which was caused by a very different 
cooling rate of the parts. The cooling rate was governed by the heat transfer 
properties of the mould material. 
2. The importance of compensating for thermal expansion of the mould in the 
calculation of shrinkage has been demonstrated. This is critical in determining 
absolute shrinkage values in plastic tools, which expand more than metal tools. 
Neglecting the mould expansion in plastic tools would lead to significant error 
in determining the absolute part shrinkage. 
3. The establishment of differing part shrinkage in crystalline polymers exposes a 
flaw in the use of shrinkage compensation factors supplied by manufacturers. 
This work has shown that the shrinkage of crystalline polymers is dependant 
upon process conditions which are variable. Supplied shrinkage factors would 
be specific only to the conditions under which the test pieces were produced. 
Thus, traditional shrinkage factors are insufficient not only in the use of SL 
tools, but also any other techniques where there is any significant process 
variation from the 'norm'. 
4. It has been shown that the shrinkage of amorphous polymers are unaffected by 
the cooling conditions which are imposed by mould material type. 
Consequently, where possible, it is recommended that amorphous polymers 
are used in preference to crystalline alternatives when using SL moulds. 
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5. The experimental work details methods for examination and control of 
morphology relating to the cooling conditions. The results are applicable not 
only to SL moulds, but also to other plastic tooling that has poor thermal 
conductivity. The techniques described in this work could also be applied to 
cast epoxy tooling. 
6. This work has shown how DSC can be a valuable tool for establishing and 
quantifying the effects of process variation in injection moulding on a parts 
morphology, which is critically influential on resultant part properties. 
7. A part's level of crystallinity dictates many of the resultant part properties. By 
demonstrating possible control of part crystallinity, this work has 
demonstrated a possible 'tailoring' of part properties. The process 
modifications in this work allow different morphology to be realised without 
changes to the machine, tool or moulded material (i.e. external cooling control, 
different polymer etc ). A range of achievable crystallinity would allow certain 
desirable part properties to be specified. 
8. It has been demonstrated that it is possible to achieve the upper and lower 
limits of possible crystallinity in a part by applying differing rates of cooling. 
Such boundaries indicate the possible envelope in which the crystallinity may 
be varied. The differing extremes of part cooling were caused by the inherent 
heat transfer properties of the mould materials - AL giving very fast cooling, 
& SL producing very slow cooling. 
9. The use of a nucleating agent provides parts that are of consistent crystallinity 
irrespective of the cooling rate. However, the morphology of the parts do not 
necessarily replicate those produced from a metal tool, and like-wise not the 
same as those produced from plastic tools. The consistent levels of 
crystallinity are in-between those previously experienced in P A66 without 
nucleating agent from SL & AL moulds. 
10. Morphology control by melt temperature alteration was indicated by the DSC 
results that showed a possible range of melt temperature that could be used. As 
160 
this melting range is the reverse to crystal structure formation, a lowering of 
the melt temperature allowed a reduction in crystal formation, which resulted 
in lower crystallinity in the parts from SL moulds. The parts from the AL 
mould were unaffected by melt temperature variation, as previous experiments 
had shown that a state of minimum permissible crystallinity was induced by 
the rapid cooling experienced in the AL mould (see section 8.6 & 9.5.4). Parts 
from the AL moulds demonstrate low crystallinity as the zone in which 
crystallinity can be influenced is passed too quickly due the rapid cooling, the 
resultant parts achieve the same levels of crystallinity despite melt temperature 
changes. Thus, this technique has shown itself to be applicable only to plastic 
tooling. This demonstrates a case where the thermal properties of plastic 
tooling are advantageous. The slow cooling of the part that results from the 
low thermal conductivity of plastic tooling presents a unique opportunity for 
morphology tailoring which is unattainable in metal tooling. 
161 
Chapter 11 
Recommendations for Further Work 
+ This work utilised tooling materials which are very different in their rates of heat 
transfer- SL = 0.2 W/m-K, AL = 200 W/m-K. Compared to these materials, steel 
would represent a tool of intermediate heat transfer- Steel= 40 W/m-K. It would 
be interesting to see how the crystallinity of parts from steel tools compared to 
those from SL tools. The melt temperature modification technique may allow 
identical crystallinity in parts produced from such comparisons. 
+ This work identified that differing part crystallinity was responsible for shrinkage 
anomalies. A parts crystallinity determines many resulting properties. It may be 
beneficial to provide a quantified link between the amount of part crystallinity and 
other part properties. This would provide guidance for crystallinity targets when 
using modification techniques to achieve a desired part attribute. 
+ The shrinkage of moulded parts was not measured in the later parts of this work 
(crystallinity control) as earlier parts had identified the cause of such differences-
the crystallinity. The later work is concerned with quantifYing the amount of 
crystallinity developed, which determines, amongst other properties, the shrinkage 
of a part. It may be useful to re-establish the links between the altered levels of 
crystallinity and the resulting shrinkage. 
+ An objective of this work was to produce parts from SL moulds that were similar 
in crystallinity to those from metal moulds. As such, efforts at increasing a parts 
crystallinity were not attempted. Such further work would be beneficial to 
complement the 'morphology tailoring' possibilities that have been displayed by 
this work. 
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+ The use of different crystalline moulding polymers may provide wider ranges of 
possible melt temperature and a greater scope for crystallinty variation. Such 
experimentation may be particularly interesting with a material of higher inherent 
crystallinty levels, e.g. PEEK, PPS, POM etc. 
+ It may be possible to introduce other modifications to heat transfer related 
variables in injection moulding that would allow further variation of a parts 
crystallinity. I fit were possible to achieve absolute control of the time/temperature 
profile experienced by a part, it would allow management of the variable 
crystallinity of a part and the relating attributes. Such areas of investigation could 
include mould temperature control. 
+ Previous attempts at improving the heat transfer of plastic tooling (while some 
have been successful to a degree) have never approached the properties of a metal 
tool. This may not always remain the case. Conductive plastics are an increasing 
development, and if such materials can be found to be compatible to a rapid 
tooling system, plastic tooling may allow heat transfer properties more similar to 
those of a metal tool. Future experiments with such materials may be valuable 
should they become available. 
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Appendix I 
Material data for SL5190 
Liquid material 
Measurement Condition Value 
Appearance Clear Amber 
Density @25°C 1.15 glee 
Viscosity @30°C 175 cps 
Penetration depth 4.6 roils 
Critical exposure 17.7 mJ/cm2 
Layer thickness 0.05, 0.1, 0.125, 0.15 mm 
Post-Cured Material (after 90 minute UV post-cure) 
Measurement Test Method Value 
Hardness, Shore D ASTMD2240 80 
Flexural modulus ASTM790 2110-2450 MPa 
Flexural strength ASTM790 75-90MPa 
Tensile modulus ASTMD638 2150-2250 MPa 
Tensile strength ASTMD638 55-57MPa 
Elongation at break ASTMD638 9% 
Impact strength ASTMD256 27 J/m 
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Appendix 11 
Mould insert dimensions 
List of Figures 
Figure A: 
Figure B: 
Figure C: 
Bar mould cavity insert dimensions 
Disc mould cavity insert dimensions 
Universal mould core insert dimensions 
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in section 5.4 
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Appendix Ill 
Full DSC scans from initial experiments 
for PA66. 
FigureD: 
Figure E: 
Figure F: 
Figure G: 
Figure H: 
Figure 1: 
Figure J: 
Figure K: 
Figure L: 
Figure M: 
FigureN: 
Figure 0: 
Figure P: 
Figure Q: 
FigureR: 
FigureS: 
Full DSC scan for P A66 moulded in AL bar- Sample 1 
Full DSC scan for P A66 moulded in AL bar- Sample 2 
Full DSC scan for P A66 moulded in AL bar- Sample 3 
Full DSC scan for PA66 moulded in AL bar- Sample 4 
Full DSC scan for PA66 moulded in SL bar- Sample 1 
Full DSC scan for PA66 moulded in SL bar- Sample 2 
Full DSC scan for P A66 moulded in SL bar- Sample 3 
Full DSC scan for PA66 moulded in SL bar- Sample 4 
Full DSC scan for PA66 moulded in AL disk- Sample 1 
Full DSC scan for PA66 moulded in AL disk- Sample 2 
Full DSC scan for PA66 moulded in AL disk- Sample 3 
Full DSC scan for PA66 moulded in AL disk- Sample 4 
Full DSC scan for PA66 moulded in SL disk- Sample 1 
Full DSC scan for PA66 moulded in SL disk- Sample 2 
Full DSC scan for PA66 moulded in SL disk- Sample 3 
Full DSC scan for PA66 moulded in SL disk- Sample 4 
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Appendix IV 
Full DSC scans from experiments for 
PA66 with nucleating agent. 
Figure T: Full DSC scan for P A66 with nucleating agent moulded in AL bar -
Sample 1 
Figure U: Full DSC scan for P A66 with nucleating agent moulded in AL bar-
Sample 2 
Figure V: Full DSC scan for P A66 with nucleating agent moulded in AL bar -
Sample 3 
Figure W: Full DSC scan for P A66 with nucleating agent moulded in AL bar -
Sample4 
Figure X: Full DSC scan for P A66 with nucleating agent moulded in SL bar-
Sample 1 
Figure Y: Full DSC scan for PA66 with nucleating agent moulded in SL bar-
Sample 2 
Figure Z: Full DSC scan for P A66 with nucleating agent moulded in SL bar -
Sample 3 
Figure AA: Full DSC scan for P A66 with nucleating agent moulded in SL bar-
Sample4 
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Appendix V 
Full DSC scans from experiments for 
PA66 with temperature modification. 
Figure AB: Full DSC scan for PA66 with temperature modification moulded in AL 
bar - Sample 1 
Figure AC: Full DSC scan for P A66 with temperature modification moulded in AL 
bar - Sample 2 
Figure AD: Full DSC scan for P A66 with temperature modification moulded in AL 
bar - Sample 3 
Figure AE: Full DSC scan for PA66 with temperature modification moulded in AL 
bar- Sample 4 
Figure AF: Full DSC scan for PA66 with temperature modification moulded in SL 
bar-Sample 1 
Figure AG: Full DSC scan for P A66 with temperature modification moulded in SL 
bar- Sample 2 
Figure AH: Full DSC scan for PA66 with temperature modification moulded in SL 
bar- Sample 3 
Figure AI: Full DSC scan for P A66 with temperature modification moulded in SL 
bar - Sample 4 
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